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ABSTRACT 
Abstract 
Beta-lactoglobulin (BLG) occurs in the milk of ruminants and few otlier 
species, but not humans, and is quantitatively the most dominant whey protein. It is 
expressed in the glandular epithelium of their mammary glands and has been identified 
as a member of the lipocalin super family, a class of molecular transport proteins 
capable of binding small hydrophobic compounds. BLG comprises 162 amino acid 
residues and is predominantly a P-sheet protein. While BLG from ruminant species is 
dimeric under physiological conditions, the protein remains monomeric in the milk of 
most other species. Among the different whey proteins, BLG is well known for its high 
nutritional value and versatile functional properties in food products. It is remarkably 
stable at acidic pH and is almost entirely resistant to pepsin degradation. Hence, it 
passes unchanged in stomach and is finally digested in the small intestine. Because of 
its remarkable stability and ready availability. BLG is well characterised and has 
emerged as a model protein for a variety of biochemical and biophysical studies. 
A simple strategy that yields good amount of purified BLG conveniently may 
further contribute significantly to the study of the protein, which, in spite of lack of an 
established physiological role, has been ascribed several interesting functions, including 
those in the development of passive immunity and even protection against cancer. In 
addition, several bioacfivifies, including antihypertensive, anfioxidant, antimicrobial, 
opiod, and hypocholesterolemic. have been attributed to the peptides derived from 
BLG. Also, the protein has several actual and potential uses in modern foods, 
beverages, dietary supplements, functional foods and pharmaceutical preparations. 
Ready availability of pure BLG may further the investigations on several aspects of this 
important protein. With this in mind a simple and rapid procedure for the purification of 
BLG from bovine milk whey was designed and the work constitutes the first part of the 
thesis. The procedure exploits the major difference between molecular mass of BLG 
and other whey components and the existence of the former in monomeric form at 
acidic pH. Briefly, gel filtration of whey was carried out using a Bio-Gel PIO column at 
pH 3.0. Residual caseins and other milk proteins were excluded from the gel and BLG 
and alpha-lactalbumin (a-LA) emerged as two fully resolved peaks. SDS-PAGE 
suggested that BLG was purified to apparent homogeneity, while absoiption, 
fluorescence, and CD spectroscopy indicated the native-like conformation of the 
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protein. Western blot analysis revealed that the antibodies raised against the purified 
BLG in rabbits also readily react with the commercial bovine protein. The procedure 
requires only 4-5 hours for the purification of about 10 mg of BLG from a single run 
while using a small column (2.3 cm x 83 cm) of Bio-Gel PIO and has the potential for 
scaling up owing to the stability of the matrix used. Purification of BLG was 
successfully achieved both from the cow's as well as buffalo's milk whey using the 
procedure. 
About a dozen bovine BLG genetic variants exist, but the variants A and B are 
predominant in milk of most animals. Variant A differs in amino acid sequence from 
the variant B at two positions; Asp64 and Vail 18 in variant A are substituted by Gly 
and Ala, respectively in variant B. No major structural differences between the two 
variants have been found by comparison of their crystal structures, nor are any major 
differences evident in the spectroscopic studies in single-solvent systems. On the other 
hand, significant differences among the two variants have been detected in the pH-
dependent conformational transitions, gelation properties, heat stability, self association 
properties and solubility, etc. The genetic variants of milk proteins have recently 
evoked considerable interest in the dairy industry. Of technological significance, bovine 
BLG variants have different effects on the industrial processing of milk and on the 
characteristics of milk products. Of particular economic importance for the dairy 
industry, is the well-confirmed association of the BLG variants with the milk 
composition, thermal processing, rennet coagulation, and cheese-making properties of 
milk. Thus differences in the technological properties of milk due to certain genetic 
variants need to be confirmed by studies on isolated milk components. 
The Maillard reaction or non-enzymatic glycosylation, a process involving 
binding of sugar to amino groups of protein, through a series of chemical reactions, is 
an omnipotent phenomenon, occurring slowly but continuously in the bodies and cells 
of all living organisms. Rates of glycation are remarkably enhanced at high 
temperatures and protein glycation has several implications in food processing industry. 
It has been previously demonstrated that glycation of whey proteins could significantly 
improve their original functional properties. Various studies on BLG modification have 
been performed till date either in solid state or in aqueous solution after reaction with 
various sugars. The second part of the thesis deals with the study of BLG variants A 
and B subjected to glycation with various sugars in the temperature range 50° C- 85° C. 
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Response of the two variants was assessed with respect to the extent of modification 
achieved under the conditions used, the changes occurring in their structural and 
conformational properties after modification, difference in the aggregation profiles and 
alteration in the peptic susceptibility after heat treatment in the presence and absence of 
sugars. Also, the implications of blocking the lone free Cysl21 group on the high 
temperature-induced glycation and subsequent aggregation of the two variants, was 
analysed. Following was inferred from the study. Glycation of BLG variants at a 
moderate temperature of 50° C, in the case of glucose and lactose, did not alter 
significantly the secondary and the tertiary structure of the protein. In contrast, 
glycosylated BLG derivatives characterized by higher substitution, as in the case of 
ribose and fructose, reveal complete destruction of tertiary structure, as monitored by 
near UV-CD and intrinsic fluorescence, while maintaining the secondary structure. 
Exposure of BLG variants at 60" C even with a poorly reactive sugar like lactose lead 
to a significant loss of native secondary and tertiary structure and resulted in an 
increase in surface hydrophobicity as seen by ANS fluorescence. Thus, glycation by the 
Maillard reaction can induce structural modifications in proteins and the extent of 
structural modification induced in BLG variants was found to be related to the degree 
of glycation, which in turn is related to the nature of the sugar used and to the 
temperature of incubation. Higher the reactivity of the sugar, more was the observed 
denaturation for the glycated protein. Depending on the reactivity of the sugar used, 
glycated BLG exhibited varying degrees of heterogeneity in molecular masses as 
evident in PAGE. Although through secondary structure analysis, the behaviour of the 
two variants upon glycation was found to be nearly identical, near UV-CD, intrinsic 
and ANS fluorescence data suggest that the environment of Trpl9 was modified to a 
larger extent in case of BLG B upon incubation with sugars both at 50° C and 60° C. 
Also, through non-reducing PAGE showed that the variant B is more prone to 
polymerization than variant A upon glycation at 60° C. Heat treatment of BLG variants 
at temperatures as high as 85° C, induce both marked conformational changes and 
protein aggregation. The aggregafion was enhanced upon heating in the presence of 
sugars and was related to the nature of sugar and glycation degree. At temperatures 65° 
C and as high as 85° C, BLG variant B was found to undergo greater degree of 
aggregation than BLG A confirming its higher susceptibility towards heat denaturation. 
The study of BLG hydrolysis by pepsin shows that heating of milk at high temperatures 
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in the presence of sugars enhances the digestibihty of both the BLG variants thus 
facilitating their absorption rate compared to that of unheated protein. Also, the 
intensity of denaturation inferred from percent hydrolysed protein is directly related to 
glycation degree. The susceptibility of variant B towards pepsinolysis after heat 
treatment was found to be slightly higher than that of variant A. Treatment of BLG 
variants with thiol modifying reagent produced moderate conformational changes in the 
proteins. The thiol modified variants showed lower degree of glycation as well as heat-
induced aggregation than the unmodified proteins. Slightly more aggregated material 
appeared in the top of lanes containing BLG B samples. Heating of thiol modified BLG 
variants also induced some conformational changes in the protein and the effect was 
enhanced in the presence of sugars. Among the sugars used, the effect was more 
pronounced in the presence of ribose than lactose also suggesting its dependence on the 
reactivity of sugar and degree of glycation. 
Several pathological conditions in biological environment involve accumulation 
of aggregated proteins. Numerous proteins also tend to attain characteristic aggregated 
structures in vitro under appropriate conditions either by loss or transformation of 
secondary structure elements. Several reports of transformation of BLG into fibrillar 
structures in vitro through chemical or physical denaturation of the protein are also 
available; hence the protein is considered a model for study of alpha helix to beta-sheet 
transition of proteins. 
The third part of the thesis deals with effect of acetonitrile (ACN), a routinely 
used solvent in RP-HPLC. on unfolding of BLG variants A and B at three different pH 
2.0, 7.0 and 9.0, with the aim of gaining insight into the nature of protein folding 
pathway, stability of the protein in acidic, neutral and alkaline conditions and 
aggregation behaviour in the presence of the organic solvent. While the behaviour of 
the two BLG variants in the presence of varying proportions of ACN was qualitatively 
identical, the magnitude of the changes varied. Far UV-CD data of BLG exposed to 
varying concentration of ACN revealed the induction of a-helix while near UV-CD 
spectra indicated that the solvent induces gradual structural alterations at low 
concentration while drastic change occurred at higher concentration of the solvent. 
Intrinsic fluorescence data showed marked influence on environment surrounding 
Trpl9. ANS binding data also revealed that surface hydrophobicity increased upon 
increasing ACN concentration. TEM images of BLG variants exposed to higher 
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concentration of ACN show formation of fibrillar structures. Also, from RLS data 
together with ANS binding data we suggest that increased intermolecular hydrophobic 
interactions may play a crucial role in the formation of the BLG aggregates. While the 
induction of a-helical structure and exposure of hydrophobic patches was more 
pronounced for variant B. the loss of tertiary structure as indicated by near UV-CD and 
shift in Xmax obtained upon measuring the intrinsic fluorescence was more significant 
for variant A than B. Also, for both the variants at pH 2.O., aggregation as well as helix 
induction occurred at higher ACN concentrations than at pH 7.0 and 9.0. These 
observations suggest that the stability of the BLG variants towards ACN induced 
unfolding is greater at acidic pH than at either neutral or alkaline pH. 
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Introduction 
1.1 Beta-lactoglobulin 
Beta-Lactoglobulin (BLG) is a small milk protein, soluble in dilute salt solution 
as befits a globulin (Kontopidis el al., 2004). Quantitatively, it is the dominant whey 
protein (Table 1.1; Madureira et al. 2007) and was first characterized in 1934 by 
Palmer (1934). It has been identified as a member of the lipocalin superfamily, a class 
of molecular transport proteins capable of binding small hydrophobic compounds 
(Divsalar el al, 2006). Some examples of other members of lipocalin superfamily 
include retinol-binding protein, tear lipocalins. insecticyanin. apolipoprotein D. odorant 
binding protein, bilin-binding protein, a-2 macroglobulin and a 1-microglobulin 
(Glasgow et al. 1994). Although the proteins show low sequence similarity (generally 
less than 20% identity), their remarkably similar topology indicates their evolufion 
from a common ancestor (Godovac-Zimmermann. 1988). 
1.1.1 Distribution and occurrence 
BLG is an acid-stable protein, found in copious quantities in the whey fraction 
of the milk of ruminants and other species (Hambling et al., 1992), and is expressed in 
the glandular epithelium of their mammary glands (Cho et al.. 1994). Homo sapiens, 
rodents like the mouse, and lagomorphs like the rabbit, do not produce BLG (Sawyer 
and Kontopidis. 2000). Some reports however suggest that humans do produce BLG 
(Fukushima et al.. 1997; Conti et al. 2000). Presence of ingested bovine BLG in the 
mother's milk or spurious antibody cross-reacti\'ity may be the likely basis of the 
observafions (Fukushima et al.. 1997). Milk of all primates, however is not devoid of 
BLG and the milk of the macaque and the baboon has been shown to contain the 
protein (Sawyer and Kontopidis, 2000; Hall et al.. 2001). 
1.1,2 Bovine beta-lactoglobulin 
1.1.2.1 Molecular Properties 
Bovine BLG is comprised of 162 amino acid residues (Table L2) and has a 
molecular weight of 18.277 (Madureira el al. 2007). While BLG from ruminant 
species is dimeric under ph}siological conditions, it remains monomeric in the milk of 
most other species (Sawyer and Kontopidis. 2000). although the difference in behaviour 
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Table l.i 
Protein profile of bovine whey" 
Protein 
Beta-Lactoglobulin 
a-Lactalbumin 
Bovine serum albumin 
Concentration 
(g^) 
1.3 
1.2 
0.4 
Molecular weight 
(Da) 
18.277 
14,175 
66.267 
Number of amino 
acid residues 
162 
123 
582 
Immunoglobulins (A, M and C) 0.7 25,000 (light chain) 
4- 50.000- 70.000 (hea\T chain) 
Lactolbmn 0.1 80,000 700 
Lactoperoxidase 0 03 70 000 612 
Glycomacropetide 1.2 6,700 64 
" MadurcLra et al. 2007 
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Table 1.2 
Amino acid composition of bovine beta-lactoglobulins 
Amino acid Residues per mole' 
Alanine 
Arginine 
Asparagine 
Aspartic acid 
Cysteine 
Glutamic acid 
Glutamme 
Glycine 
Histidme 
Isoleucine 
Leucine 
L>sine 
Methionine 
Phenylalanine 
Proline 
Serine 
Tlireonine 
Triptophan 
Tyrosine 
Valine 
15 (14') 
3 
5 
10(11') 
5 
16 
9 
4(3') 
2 
10 
22 
15 
4 
4 
8 
7 
8 
2 
4 
10(11') 
Total' 
Molecular mass (in Daltons)' 
162 
18,277 
'BLGB 
"BLGA 
'Madureirae/«/..2007 
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is by no means apparent from sequence alone. The primary sequence of BLG from the 
milk of cow and buffalo taken from Swiss Prot database is shown in figure 1.1. 
Molecular weight determinations have shown that the bovine protein was indeed a 
dimer of Mr =36,400 under physiological conditions (Fig 1.2) but between pH 2.0 and 
3.0, it tends to dissociate into monomers (Sawyer and Kontopidis. 2000). Similarly, at 
pH values above 9.0. BLG dissociates into monomers, although over time the protein 
shows increased aggregation and precipitation, especially if the pH is raised still further 
(Sawyer and Kontopidis. 2000). From the known gene sequences, the 470 bases 
upstream from the coding sequence were found to be responsible not only for directing 
the expression specifically to the mammary gland during lactation but also for 
producing high levels of BLG in the product (Whitelaw et uL, 1992). This property of 
the BLG promoter has been exploited to induce the production of several 
pharmacologically important proteins in the milk of transgenic sheep (Bawden et al.. 
1994). Some of the fundamental properties of the cow protein are summarised in Table 
1.3. 
1.1.2.2 Naturally occurring genetic variants 
In 1955. it was observed that bovine BLG existed in two genetic forms, that 
differed slightly in their electrophoretic behaviour on paper at pH 8.6 (Aschaffenburg 
and Drewry. 1955) and were designated as beta-lactoglobulin A (BLG A) and beta-
lactoglobulin B (BLG B). Although it is now evident that about a dozen BLG genetic 
variants exist, in western breeds of Bos Taurus (cow), variants A and B are 
predominant (Sawyer and Kontopidis. 2000). Variant A differs in amino acid sequence 
from variant B at position 64 (AspA->GlyB) and 118 (ValA-^AlaB) (Beringhelli et al., 
2002; Fig. 1.3). BLG is produced in ruminant species under the control of co-dominant 
alleles so that the protein isolated from a cow heterozygous in the BLG gene contains 
two types of polypeptide chain (Sawyer and Kontopidis. 2000). While the genetic 
variants have one or two amino acid alterations in their sequences, the substitutions do 
affect the behaviour of proteins and indeed the property of milk significantly (Creamer 
et al.. 1997; Lodes et al.. 1997). Genetic variants of BLG have been observed in the 
milk of essentially the entire animal species in which the protein has been observed. 
though caprine milk lacks the variants (Sawyer and Kontopidis, 2000). 
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Fig. 1.1 Sequence of cow (P02754) and water buffalo (P02755) BLG variant B. 
Amino acid substitutions for variant A are shown in blue. G^D at 64 and 
A^V at 1 ] 8. (SwissFrot database). 
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Fig. 1.2 Structure of the bovine BLG dimer (Fessas et al., 2001). 
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Table 1.3 
Some basic molecular properties of bovine beta-lactoglobulin 
Number of amino acids 162 (Bairoch and Apweiler, 1999) 
Monomeric Mr (B genetic variant) 
Isoelectric pH 
B genetic variant, native 
Reduced and denaturing condition 
18,277 (Madmeim et ai, 200T) 
5.407 (Godovac-Zimmermannera/., 1996) 
4.968 (Godovac-Zimmermannera/., 1996) 
Extinction coefficient, mg/ml at 280 nm 0.96 (Sawyer and Kontopidis, 2000) 
Monomer radius, Rg 1.75 nm (Sawyer and Kontopidis, 2000) 
Axial ratio (dimer) (Sawyer and Kontopidis, 2000) 
Dimer K^ (B genetic variant) pH 2.7 5.08 x 10 ' M 
pH6,0 7.04 X 10^M 
pH7.5 7.94 X 10"* M 
(Sawyer and Kontopidis, 2000) 
(Sawyer and Kontopidis, 2000) 
(Sawyer and Kontopidis, 2000) 
Octamer dissociation constant pH 4.65 1.85 x 10" ' M (Sawyer and Kontopidis, 2000) 
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The variants have been studied extensively with the help of an array of available 
techniques including circular dichroism. optical rotatory dispersion, infrared and 
nuclear magnetic resonance spectroscopies, calorimetry and X-ray crystallography 
(Dong et ill.. 1996). The isoelectric points for variants A and B differ slightly, 5.26 and 
5.34, respectively, in 0.1 M KCl at room temperature (Qin et al., 1999). The net 
negative charge of the monomer is higher for the variant A than B. No significant 
structural differences between the variants are however evident by the spectroscopic 
procedures in single-solvent systems. CD spectroscopy of the variants A and B shows 
the position of the intense negative band at 216 nm indicating that the proteins possess 
predominantly P-sheet structure (Dong et ciL. 1996). FT-IR spectroscopy indicated that 
variant A had greater conformational mobility than variant B (Dong et al., 1996). 
According to the X-ray data provided by Qin et al. (1999), the substitution of Vail 18 in 
variant A to Ala in variant B lies in the most rigid part of the protein. The residue 118 is 
well buried under the side chains of Leu31, Leu39 and Glu]20. The smaller Ala side 
chain of BLG B causes significant decrease in the effectiveness of hydrophobic packing 
around it. The difference in the thermal behaviour can thus be explained by the 
destabilization of the core of the B variant relative to the A variant due to the cavity 
formed by the loss of the two methyl groups (Sawyer and Kontopidis, 2000). The 
second site of xariation of a negatively charged residue Asp64 of BLG A to Gl} in 
variant B is located on a flexible loop. This residue is situated close to other negatively 
charged residues (Glu62. Glu65). The substitution is implicated in the reported ability 
of BLG A but not BLG B dimers to oligomerize further into octamers in the pH range 
3.5to6.5(Qint'/o/., 1999). 
There are several functional consequences of the two amino acid substitutions in 
the BLG variants A and B. In general, relative to variant A and both in vitro and in 
milk, variant B has greater reactivit}' of the lone free thiol, undergoes a greater extent of 
irreversible denaturation on incubation at temperature as high as 70° C - 80° C and 
induces more readily the coagulation of milk at 140° C. all undesirable properties for 
various heat treatments involved in standard milk processing (Hill et al., 1996; Qin et 
al.. 1999). Tong et al. (1993) suggested that milk containing BLG B was more suited 
to cheese making because it produced a firmer rennet curd than that containing the A 
variant. Significant differences between the two variants were also detected in the 
gelation properties (Huang et al., 1994; Meza-Nieto et al., 2007) and solubility 
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Fig. 1.3 Secondary structure of the BLG variants depicting the location of 
amino acid substitutions (Dong etal., 1996). 
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(Oliviera et al., 2001). BLG is the major protein contributor to the bovine milk allergy 
in humans (Crittenden et al., 2005) and it has been shown that the immune response in 
mice is stronger for the B variant than for the A variant (Oliveira et al, 2001). 
1.1.2.3 The three-dimensional structure 
The tertiary structure of BLG lias been investigated using by NMR techniques 
by se\eral investigators (Belloque and Smith, 1998; Fogolari et al., 1998; Kuwata et 
ai, 1998; Uhrinova et ai. 2000). In addition to the structure of bovine protein, that of 
equine BLG has also been established (Kobayashi et ai, 2000). Thfe bovine protein is 
monoraeric at pH values below 3.0, hence the three dimensional structure has been 
determined at this pH. The protein folds up into an 8-stranded. antiparallel P-barrel with 
a 3-turn a-helix on the outer surface and a ninth P-strand flanking the first strand 
(Kontopidis et ai, 2004). The so-called calyx, or P-barrel, is conical and is made of P-
strands A-D forming one sheet, and strands E-H forming a second. Strand A bends 
through a right angle such that the C-terminal end forms an antiparallel strand with H; 
strands D and E also form a less significant interaction completely closing the calyx. 
On the outer surface of the P-barrel, between strands G and H, is the 3-tum a-helix. The 
loops that connect the P-strands at the closed end of the calyx, BC, DE, and EG are 
generally quite short, whereas those at the open end are significantly longer and more 
flexible (Kontopidis el al, 2004). Dimer interface is formed at around neutral pH by the 
extra P-strand I lying antiparallel with its equivalent in the second subunit, and the AB 
loop, in particular the ion pair between Asp33 and Arg40 (Sawyer and Kontopidis, 
2000). The bovine BLG dimer at neutral pH appears to be stabilized by several 
interactions besides H-bonds. The two helices are antiparallel in the bovine BLG dimer, 
bringing opposite charges on individual monomers in close interaction. The interactions 
between the sets of opposite charges at the two ends of the major helix portion of the 
structure account for the pH-induced dissociation of the dimer. which occurs with 
modest structural changes (Uhrinova et ai. 2000). Interactions involving hydrophobic 
residues on the strand I (Brownlow et ai. 1997) that connects the two helical regions of 
the protein also come into play at neutral pH. 
1.1.2.4 Secondary structure and side chain properties 
The secondary structure of BLG has been successfully elucidated from the 
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X-ray crystallography and NMR spectroscopy. Besides these, ORD, CD, FTIR and 
structure prediction have been used to determine the secondary structure content of the 
protein. The spectroscopic procedures however, yield only the relative percentages of 
a-helix, p-sheet or random coil and in some cases reverse turns, and the information 
does not help in predicting the regions of the sequence that would adopt a given 
conformation. Thus, the spectroscopic methods applied by several groups conclude that 
BLG is comprised of some 7% a-helix, 51% P-sheet and 42% random coil (Hamada et 
aL, 1995). The prediction of secondary structure has also been applied to BLG with 
variable success (Sawyer and Holt. 1993; Nishikawa and Noguchi, 1991) but results 
indicate a significant tendency to over-predict the a-helical content at the expense of 
the sheet. The over-predictions arise not only from the inadequacies of the methods 
employed but also because the protein has a tendency to change conformation when the 
solvent is modified (Kumar et al, 2003). 
Bovine BLG has two tryptophan residues, Trpl9 which is situated in a 
hydrophobic environment at the bottom of the calyx formed by the antiparallel P-
strands and Trp61 which is a part of an external loop (Divsalar et ai, 2006). 
Replacement of Trpl9 with tyrosine reduces the conformational stability of BLG and 
its affinity for retinol (Katakura et ciL. 1994). Trp61 is adjacent to strand 1 (residues 
145-150), which is involved in anti-parallel interactions in the dimer (Papiz etai, 1986; 
Brownlow^ et ciL, 1997). While Trpl9 is found in all BLGs, Trp61 is found only in those 
that exist as dimers (Renard el al, 1998) suggesting its role in inter-subunit bonding. 
The proximity of Trp6I to the site of monomer-monomer association may result in 
quenching of the fluorescence on dimerization. Lack of sensitivity of ?^ max suggests 
that dimerization causes no significant changes in conformation around either 
tryptophan residues (Renard et a/., 1998). 
Of the five cysteine residues in bovine BLG, four form disulphide bridges 
(Divsalar et ai, 2006). The disulfide bridges exist between Cys66-160 and Cysl06-119 
and the fifth, Cysl21, which is not strictly conserved, is free and available for reaction 
(Papiz et aL, 1986; Sawyer and Kontopidis, 2000). Some labelling experiments by 
McKenzie et al. (1972) indicated that equal amounts of free thiol at 119 and 121 
occurred in BLG. This appears to be a consequence of the denaturing conditions used 
and may not be a feature of the native protein (Brownlow et ai, 1997) although the 
disulfide interchange is an important consequence of thermal denaturation and 
11 
INTRODUCTION 
contributes to the aggregation of tlie protein (Manderson et al., 1998). The free 
Cysl21, with its reactive thiol group, has a pH-dependent activity that parallels that of 
the Tanford transition, and its involvement in the denaturation and aggregation 
behaviour is now firmly established (Havea et al, 2001). The residue is situated on the 
outer surface of the P-barrel on strand H, under the a-helix, and quite some distance 
from the EF loop. Thus its accessibility to solvent is masked, particularly at low pH. 
The porcine BLG has no free thiol and does not form gels under the conditions that 
cause the bovine protein to gel (Gallagher et a/., 1996). The reaction of the Cys with 
almost any thiol reagent appears to enhance dissociation into monomers (Thresher et 
al.. 1997; lametti et uL. 1998). Accessibility of the free thiol of Cysl21 in bovine BLG 
is of paramount importance to the disulfide exchange process that leads to the 
formation of heat-induced covalently bound polymers. Attempts have been made for 
preparing stable monomeric forms of BLG by site-directed mutagenesis or mutants 
devoid of the free thiol function of Cysl21, but remained unsuccessful due to 
misfolding of the protein over-expressed in E. coli (Sawyer et al., 1994). Also, 
chemical modifications of each of the BLG monomers, to induce steric hindrance in 
dimer formation, did not prevent concentration-dependent formation of supramolecular 
freely associated forms of the protein in solution at neutral pH (lametti et al., 1998). 
1.1.2.5 Stability in the digestive tract 
BLG has remarkable stability in the acidic environment of the stomach (Sawyer 
and Kontopidis, 2000). At pH 2.0, as found in the stomach it dissociates reversibly to 
its monomers, but its structure remains native (Sakai et al, 2000). Furthermore, BLG 
being almost entirely resistant to pepsin degradation at low pH (Takagi et al, 2003), 
passes unchanged in stomach and is finally digested in the small intestine (Kitabatake 
and Kinekawa, 1998). Although it has been suggested that BLG ingested by the mother 
could be secreted in breast milk in intact form, the evidence on the presence of bovine 
BLG in human breast milk is conflicting (Fukushima et al, 1997, Conti et al., 2000). In 
contrast to extreme resistance of native BLG to pepsin digestion, heat denaturation at 
temperatures higher than 80° C causes irreversible structural changes, and makes the 
protein more susceptible to pepsinolysis (Kitabatake and Kinekawa, 1998). It is 
therefore probable that the majority of heat-denatured BLG is digested in the stomach 
unlike the native protein. 
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1.1.2.6 Biological Functions 
To date, no clear physiological function has been attributed to BLG, although 
several suggestions have been put forward. BLG is a lipocaiin, hence a transport role 
has been proposed by analogy to other members of the family like retinol binding 
protein whose physiological function is well established (Beringhelli et al., 2002; 
Gottschalk et al., 2003). BLG is known to binds retinol and fatty acids in milk and a 
number of other small hydrophobic molecules in vitro (Beringhelli et a/., 2002). Also, it 
is highly stable in the acidic conditions of the mammalian stomach (Sawyer and 
Kontopidis, 2000). It has therefore been proposed that BLG may play an important role 
in binding and protection of retinol and some other small hydrophobic molecules, 
during passage through the stomach and reach them to specific receptors located in the 
intestine of the suckling neonates (Beringhelli el a/., 2002). 
Other functions assigned to BLG include activation of a pregastric lipase 
(Madureira et al., 2007) and in vivo generation of bioactive peptides present in its 
sequence (Smithers, 2008). Arguments in favour of the involvement of BLG in the 
transfer of passive immunity from mother to offspring have also been put forward 
(Madureira et al, 2007). However, no concrete support suggesting involvement of BLG 
with the components of the immune system other than as an antigen in infant milk 
intolerance has been established (Selo et al, 1998; Oliveira et al, 2001). Interestingly, 
the binding of BLG to the fimbriae of bacteria inhibits their adhesion to the gut wail, 
suggesting a protective role of the protein in the neonates (Ouwehand et al, 1997). 
Involvement of BLG in controlling the activity of phosphoprotein phosphatases 
together with Ca"^ in mammary secretary vesicles of the mother has also been proposed 
(Farrell and Thompson, 1990; Madureira et al, 2007). The closest lipocalins to BLG in 
structure is glycodelin (formerly PPM or pregnancy-associated endometrial 
glycoprotein) that is associated with the first trimester of human pregnancy (Barteri et 
al, 2000). Unfortunately, not only is the function of glycodelin unknown but presence 
of a similar protein in the endometria of a species that also produces BLG in its milk 
has not been reported. 
BiLG has also been implicated as one of the important allergens in cow's milk 
allergy (CMA). CMA which is a complex disorder is an inflammatory response to milk 
proteins and is distinct from lactose intolerance (Crittenden et al, 2005). CMA is more 
prevalent in infants (2-6%) than in aduhs (0.1- 0.5%). A recent study showed that 45% 
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of patients with allergic reactions to cow's milk have BLG specific IgE antibodies 
(Natale et al., 2004). Infant formulas usually contain BLG, which is often the earliest 
foreign antigen for a new born (Exl and Fritsche, 2001) may therefore be the key 
antigen in the development of more widespread food sensitization. It has been 
suggested that the immunoreactivity of BLG requires an intact tertiary structure (Otani 
et ai, 1985). B-cell epitopes of BLG have been studied with protein fragments 
generated from BLG after tryptic proteolysis (Selo et ai, 1999) or cyanogen bromide 
treatment (Selo et ai, 1998) and also from synthesized peptides (Miller et al., 1999). 
1.1.3 Isolation and purification of BLG from whey 
Bovine milk whey and that from other animals contains predominantly BLG 
and a-LA, in addition to varying quantities of albumin, immunoglobulins, lactoferrin, 
glycomacropeptide, lactoferrin and lactoperoxidase (Smithers, 2008). About 3.2-3.4 g 
L'' BLG is present in the bovine whey (Konrad et ai, 2000). Various attempts have 
been made to purify the protein because of its superior nutritional value and hence 
usefulness as a food additive. Simple cost-effective strategies for purification of BLG 
with potential for scaling up have therefore been proposed and several reports of 
successful isolation of the protein with varying degrees of purity from milk/whey are 
available (Table 1.4). 
Purification of a globulin fraction from cow's milk was first reported by Palmer 
(1934) which later was characterized as BLG. The difference in solubility of BLG and 
a-LA in the presence of ammonium sulphate, that permit their separation at pH 2.0. has 
been exploited by some workers (Ashaffenburg and Drewry, 1957; Armstrong et al., 
1967). Fracfionations based on the salting-out behaviour and selecfive solubility of 
BLG in the presence of 3% (w/w) trichloroacetic acid (TCA) have also been described 
(Mailliart and Ribadeau-Dumas, 1988; Mate and Krochta, 1994; Fox et al., 1967; 
Ebeler et al., 1990; Caessens et ai. 1997). Also, difference in the solubility of each 
protein component of Cheddar cheese whey after heating at acidic pH, permitted the 
separation of BLG from other whey proteins and has also been harnessed (Patocka et 
al., 1987; Pearce, 1987). Ng-Kwai-Hang and Kroeker (1984) reported a procedure for 
the separation of BLG from whey proteins by polyacrylamide gel electrophoresis. The 
procedure was also useful in the idenfification of BLG variants. Andrews et al. (1985) 
reported the isolation of BLG by HPLC on Mono Q and Mono S columns followed by 
gel filtration on a Superose 12. A rapid FPLC-based procedure that offers superior 
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Table 1.4 
Some procedures available for the purification of bovine BLG 
Reference Fat removal 
Palmer, (1934) 
Casein removal Fractionation of Final 
Whey proteins purification 
Acidic Na2S04 Dialysis 
precipitation at precipitation. 30° Crv'stallization 
pH 5.8 C 
Ashaffenburg & 
Drewrv',(1957) 
Armstrong et al. 
(1967) 
Monaco et a!. 
(1987) 
Felipe & Law, 
(1997) 
Heddlesoii et al. 
(1997) 
Chiancone & Gattoni, 
(1991) 
De Jongh et al. 
(2001) 
Na2S04 
precipitation, 
40° C 
(NH4)2S04 
precipitation, 
20° C 
Centnfugation 
Centrifugation 
Centrifugation 
Na2S04 
precipitation, 
40° C 
(NH4)2S04 
precipitation, 
20° C 
CaCl2 
precipitation at 
pH6.6 
Acidic 
precipitation at 
pH4.6 
Filtration, 
Dialysis 
Acidic 
precipitation at 
pH4.6 
Centrifugation 
Acidic 
precipitation at 
pH4.6 
Centrifugation 
Filtration 
Acidic 
precipitation at 
pH 4.44.5 
Acidic 
precipitation at 
pH2.0 
(NH4)2S04 
precipitation at 
pH6 
Acidic 
precipitation at 
pH2.0 
(NH4)2S04 
precipitation at 
pH6 
Dialysis 
Anion exchange 
Gel filtration 
N-retiayl-celite 
affmit>' 
chromatography 
Bio affinity-
chromatography 
Base precipitation 
atpH7.2 ' 
Centrifugation 
Anion exchange 
chromatography 
Dialysis 
Crystallization 
Dialysis 
Crystallization 
Gel filtration 
Crystallization 
Gel filtration 
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resolutions (Manji et al., 1985) and facilitates fractionation of major sweet and acid 
whey proteins, including BLG variants A and B employing stepwise ionic strength 
gradient of water and sodium acetate is also available. Chaplin (1986) described a 
procedure based on hydrophobic interaction chromatography on a phenyl-Superose 
FPLC column for the isolation of various milk proteins. Whey proteins bound to the 
column were eluted, with a decreasing salt gradient of ammonium sulphate at pH 7.0, 
according to their hydrophobicities and the separation was rapid. A procedure for the 
separation of the BLG variants employing capillary zone electrophoresis is also 
available (Paterson et al., 1995). Among the buffer systems used, 50 mM MES [borate. 
2-(bis morpholino)-ethanesulphonic acid], pH 8.0 containing 0.1% Tween 20 was most 
successful in resolving the three BLG variants A, B and C. 
Taking into consideration the remarkable stability of BLG to acid pH and 
resistance to pepsinolysis, Kinekawa and Kitabatake (1996) described a novel 
procedure in which whey was acidified to pH 2.0 and incubated with pepsin that 
hydrolyzed all proteins other than BLG to small fragments. BLG was then precipitated 
with ammonium sulphate and dialyzed using a dialysis membrane or subjected to 
ultrafiltration to yield reasonably pure BLG. The procedure was subsequently improved 
to facilitate continuous production of BLG (Sannier et al., 2000). They purified goat 
BLG by treating whey with pepsin at 40° C at pH 2.0 while simultaneously removing 
the small peptides generated by pepsinolysis of other proteins through ultrafiltration. 
The process was made continuous by the addition of fresh whey to replace the lost 
permeate. BLG purified thus however, contains small quantities of pepsin added to 
accomplish the proteolysis. Konrad et al. (2000) reported another procedure based on 
peptic hydrolysis of whey protein and selective membrane separation of the low 
molecular weight fractions, with a potential for scaling-up, for industrial purpose. Vogt 
and Freitag (1997) compared anion-exchange and hydroxyapatite displacement 
chromatography for isolation of whey proteins and concluded that the latter is less 
successful owing to the pH sensitivity of BLG. Polyacrylic acid was suggested as a 
suitable displacer in case of anion-exchange chromatography. Gerberding and Byers 
(1998) performed a preparative-scale ion-exchange chromatographic process for 
isolating four major proteins, including BLG from sweet dairy whey, using a 
commercial anion-exchange resin. Step elution changes in salt concentration and pH 
were used to accomplish the separation. Bobe et al. (1998) described a rapid method 
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based on RP-HPLC to simultaneously separate six major whey proteins and their 
genetic variants including those of BLG. 
Ion exchange chromatography has been used by several workers for the purpose 
of isolating BLG with considerable success. Ye et al. (2000) described the adsorption 
of BLG from bovine rennet whey using a weak anion exchanger (DEAE-Toyopearl) as 
well as a strong anion exchanger (quaternary aminoethyl-Toyopearl). The advantage of 
the method is that good yields of variants A and B of BLG as well as a-LA could be 
obtained by varying salt gradients in buffers of differing pH. Purification of BLG from 
whey protein concentrates using diafiltration or microfiltration was also reported by 
Gesan-Guiziou et al. (1999). Following clarification and defatting of whey protein 
concentrate, a-LA was precipitated and soluble BLG recovered by filtration. 
Laboratory scale purification was accomplished using acid whey while on pilot scale 
Gouda cheese whey was used. However, yields of the proteins obtained on pilot scale 
were low. 
Separation of BLG from industrial sweet whey in its native form through 
affinity separation on all-trans-retinal immobilised on calcium bio-silicate has been 
reported by Vyas et al. (2002). Adsorption and desorption of BLG were carried out at 
pfl 5.1 and 7.0, using 0.01 and 0.1 M phosphate buffers, respectively. The desorbed 
BLG was concentrated 20 times using ultrafiltration. Among the other methods used, 
one using fluidized bed column with a gentle mixing action produced a fairly good 
yield (2.88 g per kg of calcium bio-silicate) of BLG with >95% purity, although 
selectivity of membranes used in the filtration process, for molecules with moderately 
different molecular weights has generally been quite poor. Cheang and Zydney (2003) 
obtained high yields of both BLG and a-LA by stirred cell filtration using a 
combination of cellulosic and polyethersulfone membranes and diafiltration process. 
They optimised the buffer conditions for the separation procedure such that the dimeric 
BLG molecules were retained while the essentially uncharged a-LA was removed 
(Cheang and Zydney, 2003). Neyestani et al. (2003) reported purification of BLG based 
on gel filtration and ion exchange chromatography. Gel filtration was carried out with 
proteins precipitated in 50% ammonium sulphate on Sephadex G-50 at pH 8.6, while 
DEAE-C equilibrated with 0.05 M Tris, pH 6.5, was used as ion-exchanger. BLG was 
finally eluted with 0.2 M NaCI, in equilibrating buffer. 
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More recently, Lozano et al. (2008) reported a rapid and inexpensive two-step 
procedure to obtain highly homogeneous BLG while preserving its native structure. 
They used differential precipitation to isolate BLG from other whey proteins using 50% 
ammonium sulphate. The precipitate was redissolved and reprecipitated with 70% 
ammonium sulphate, leaving a supernatant liquid enriched in BLG (higher than 80% as 
judged by SDS-PAGE analysis). After dialysis and lyophilization, isolation of the 
protein was performed by ion-exchange chromatography using polymeric Biorex-70 
resin (Bio-Rad), while carrying out elution with 0.2 M phosphate buffer at pH 4.9. 
Synthetic microporous membranes with functional groups covalently attached were 
used by Goodall et al. (2008) to selectively separate BLG from other proteins of rennet 
whey. The selectivity and membrane performance of strong (quaternary ammonium) 
and weak (diethylamine) ion-exchange membranes were studied and it was shown that 
a-LA and BSA were displaced from the membranes by BLG. Other chromatographic 
procedures based on ion-exchange chromatography (Skudder, 1985; Imafidon and Ng-
Kwai-Hang, 1992; Outinen et al, 1996; Kristiansen et al, 1998; Basak et al, 1995; 
Schlatterer et al, 2004) and isoelectric focusing (Godovac-Zimmermann et al, 1996) 
are also available. 
Although various reports on successful isolation of the protein exist, some cause 
BLG denaturation or result in low yields with other proteins or salts as contaminants. 
Some procedures are not cost effective and others are time consuming. Also, some 
require sophisticated instrumentation while others cannot be scaled up. Efforts therefore 
continue to develop new and better purification procedures. 
1.1.4 Aggregation in BLG 
BLG possesses an interesting pH dependent self-association property. At room 
temperature BLG exists as a monomer, a dimer, or even an octamer (Sakurai et al, 
2001). The monomeric form predominates both below pH 3.0 (Baldini et al, 1999; 
Sakurai et al, 2001) and above pH 9.0 (Sawyer and Kontopidis, 2000) but monomers 
coexist in equilibrium with dimers in the pH ranges 2.0-3.7 and 5.2-9.0 (Verheul et al, 
1999). At intermediate pH values, between 3.7 and 5.2, formation of higher order 
aggregates has been observed (Piazza and lacopini, 2002; Piazza et al, 2002) with 
some evidence of octamer formation specifically at pH 4.7 (Gottschalk et al, 2003). A 
number of reports suggest that aggregation increases with a decrease in ionic strength 
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Strength (Renard et al.. 1998; Verheul et al, 1999). It was proposed by Fogolari et al. 
(1998) that the change in free energy from the dimer state (pH 7.0) transitions to the 
monomer form (pH 2.0) was sufficient to overcome the hydrophobic free energy, which 
favoured the dimer structure. Interestingly, the monomeric BLG maintains the P-barrel 
structure seen in the dimer at physiological pH, although there exist several disordered 
regions in the former leading to different surface electrostatic properties. 
BLG comprises two disulfide bonds between residue Cysl06 and Cysll9 and 
between Cys66 and Cysl60, with a free thiol group at Cysl21 (Qin et al, 1998). 
Aggregation of BLG occurs when monomers are activated. There are three suggested 
routes for the activated (reactive) monomers to associate: 1) thiol-disulfide exchange, 
and to a lesser extent 2) thiol-thiol oxidation, and 3) non-covalent bonding (eg. 
hydrophobic interactions, van der Waals, etc) (Sun'oca et al, 2002). Also, an increase 
in aggregate size through an additive process of monomers and dimers at pH 7.0 has 
been described (Surroca et al, 2002). Both non-covalent and covalent interactions are 
therefore considered critical in the formation of protein aggregates at pH 7.0 (Surroca et 
al., 2002). Burova et al (1998) have shown that modification of Cysl21 with 
mercaptopropionic acid and mercaptoethanol does not affect the secondary structure of 
BLG, but result instead in changes in tertiary and quarternary structures. At neutral pH, 
the monomer-dimer equilibrium was shifted towards the monomeric form (Burova et 
a/.. 1998). 
Certain external factors like heating and use of denaturants induce aggregation 
in BLG (Broerson et al, 2007). In the dairy industry, bovine milk is frequently heated 
for pasteurization (62.5° C for 30 min) or sterilization. This heafing process may induce 
oxidative losses of proteins, unsaturated lipids, vitamins, active enzymes and 
immunological factors (Fidler et al, 1998; Riezzo et al, 2003). BLG, a-LA, 
immunoglobulin, albumin, and glycomacropeptide are the major milk whey 
components, in which BLG accounts for about 58% of the total whey proteins 
(Madureira et al. 2007). A number of studies of the effect of heat treatment on native 
BLG have been reported using a range of techniques such as light scattering (Elofsson 
et al, 1996; Hoffman et al, 1996), circular dichroism (CD) spectroscopy (Griffin et al, 
1993; Matsuura and Manning, 1994; lametti et al, 1996, 1998; Prabakaran and 
Damodaran, 1997; Qi et al, 1997), intrinsic protein fluorescence (lametti et al, 1996), 
hydrophobic probes (lametfi et al, 1996), ellipsometry (Elofsson, 1996), differential 
scanning calorimetry (Huang et al, 1994; Qi et al, 1995), microcalorimetry (Qi et al, 
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1995), and NMR (Belloque and Smith, 1998; lametti et al., 1998). BLG molecules 
covalently link to each other to form dimers or polymers and conjugates with other 
milk proteins upon heating above 80° C, whereas intermolecular disulfide bonds play 
an important role in stabilizing the formed polymers (Surroca et al., 2002; Chen et al., 
2004, 2005; Song et al, 2005). Chen et al. (2004, 2006) have recently shown that the 
BLG aggregation can be detected by a specific monoclonal antibody and postulated that 
the protein is a superior marker for evaluating the thermal processing of milk. BLG 
loses the ability to bind palmitic acid, retinol, and vitamin D after heating beyond its 
transition temperature (70-80° C; Song et al, 2005). The occurrence of thiol/disulfide 
exchange reactions and their involvement in heat-induced aggregation and gelation of 
BLG have been demonstrated in a number of studies (McSwiney et al, 1994; lametti et 
al, 1995) The mechanism of heat-induced aggregation is also sensitive to pH. In the 
early stages of aggregation, it was reported that disulfide-linked aggregates form on 
heating at pH 6.7 but not at pH 4.9 (Surroca et al, 2002). The overall implication is that 
heat-induced aggregation involves partial denaturation. As is true for many proteins, 
BLG aggregation under non-denaturing conditions is most readily observed at pH close 
to the isoelectric pH (5.2) (Macleod et al, 1995). The amino acid sequence of BLG 
reveals that many hydrophobic amino acids are located near the Cysl21 and Cysl06-
Cysll9, whereas fewer hydrophobic residues are present in the vicinity of Cys66-
Cysl60 (Creamer et al, 2004). The latter disulfide bond is at the C-terminal side of the 
polypeptide chain, whereas the former is buried in the inner core of the protein, and is, 
therefore, less accessible for intermolecular interchange reactions. In native BLG, the 
free thiol group is masked in the hydrophobic interior of the protein and does not 
normally participate in disulfide linkage (Bryant and McClements, 1998). The 
reactivity of the free thiol group can be markedly increased by protein unfolding 
induced by, for example, thermal treatment. Then, the free SH group of Cysl21 group 
promotes SH/S-S interchange reactions principally with the Cys66-Cysl60 bond of the 
same or of another BLG molecule (Anema and McKenna, 1996). The newly formed SS 
bonds play an important role in the heat-induced aggregafion and gelation of BLG 
(Anema and McKenna, 1996; Hoffman and van Mill, 1997). Non-covalent interchange 
reactions (hydrophobic, electrostatic and steric) may also be involved in this complex 
process. 
The contribution of both covalent and non-covalent interactions to the 
aggregation and gelation process during thermal denaturation of BLG is not yet fully 
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elucidated. Extrinsic factors like pH, temperature, and ionic environment may affect 
molecular flexibility or stability, and in turn protein-protein interactions (de Wit, 1998). 
Creamer et al. (2004) suggested that disulfide bond interchange reactions between BLG 
non-native monomers, or polymers, and other proteins could occur largely via Cysl60. 
Three (Cysl06, Cysl 19 and Cysl21) of the five Cys residues of BLG sit within a very 
hydrophobic pocket between one side of the helix and segments of the G and H strands 
(Surroca et al, 2002). Manderson et al. (1998) reported the presence of non-nafive 
monomers in heated BLG solutions, supporting the size exclusion chromatography 
result of lametfi et al. (1996) and Schokker et al. (1999). 
Further, effect of various sugars on aggregation of BLG has also been studied in 
some detail. Glucosylation was found to inhibit denaturant-induced aggregafion, 
whereas heat-induced aggregation was accelerated (Broerson et al, 2007). It was also 
found that the kinetic partitioning from an unfolded state was driven toward refolding 
for glucosylated protein, whereas aggregation was the preferred route for the non-
glucosylated protein (Broersen et al., 2007). Bound lactose through steric hindrance 
and high surface hydrophilicity has been found to prevent the thiol-disulfide exchange 
reactions of the polymerization-aggregation process of lactose-BLG conjugates 
(Bouhallab er«/., 1999). 
1,1.5 The Maillard reaction 
1.1.5.1 History & Definition 
Louis-Camille Maillard in 1912 reported his observation that upon gently 
heating sugars and amino acids in water, a yellow-brown colour developed (Maillard, 
1912). This non-enzymatic reaction of the amino groups of amino acids, peptides and 
proteins with reducing sugars, ultimately resulting in the formation of complex brown 
pigments and protein-protein crosslinks came to be known as the 'Maillard reaction' 
(Maillard and Gautier, 1912). This process involving binding of sugars to amino groups 
of protein through a series of chemical reactions (Singh et al., 2001) is also known as 
glycation or non-enzymatic glycosylation and is an omnipotent phenomenon, occurring 
slowly but continuously in the bodies and cells of all living organisms. As with many 
reactions affecting biological systems, the exact chemical nature of the Maillard 
reaction is yet to be fully defined. Early research, cartied out by Maillard (1912), 
Amadori (1931), Kuhn and Weygand (1937), Simon and Kraus (1970) and Heyns et al. 
(1957) described some of the early stages of the reaction (Fig. 1.4). Further 
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contributions were made by Hodge et al. (1953) in elucidating the Maillard reaction 
pathways. Beyond the Amadori product, the apparently simple reaction of an amino 
group with a monosaccharide leads to a huge variety of products in varying yields. 
Each of these compounds is itself reactive and the extent of reactivity of each varies 
according to the conditions. 
1.1.5.2 Chemistry of protein glycation 
The chemistry of protein glycation may be divided into two stages; the early, 
and advanced stages. The early stage chemistry of protein glycation involves the initial 
nucleophilic substitution reaction between sugar carbonyls and amino groups of 
proteins to form a Schiff s base, which undergoes spontaneous rearrangement to form 
Amadon or Heyn's products (Miller and Gerrard, 2005). The kinetics of the initial 
nucleophilic attack of the carbonyl carbon of reducing sugars by the amino groups of 
proteins depends on temperature, water activity (Davies el al, 1998), the 
electrophilicity of the sugar carbonyl carbon and the proportion of the reducing sugar in 
the acyclic form (Yaylayan et al, 1993). The pKa of the protein amino groups, as well 
as their location within the protein structure i.e. the effect of neighbouring amino acid 
residues and accessibility of the amino group also influence the initial kinetics (Baynes 
et al., 1989). The main degradation pathway of Amadori and Heyns rearrangement 
products is through dehydration of the sugar moiety to form deoxyosomes (Yeboah et 
al, 1999). The mechanism of dehydration of Amadori and Heyn's products to form 
deoxyosomes, and for the reactions of their subsequent degradation under mild 
temperature and acid conditions (pH 4.0-7.0) is believed to proceed mainly through 1,2 
and 2,3-enolization of the sugar moiety (Yaylayan and Huyghues-Despiontes, 1994). 
Deoxyosomes are reactive and can undergo a myriad of reactions within the amino-
carbonyl reaction system. 
Several factors have been found to influence the glycation reaction. The main 
factors that influence the glycation reaction in food include temperature, water activity, 
the presence or absence of oxidizing conditions, time, the type of protein and reducing 
sugar involved in the reaction. Anionic buffer ions, such as phosphate and carbonate 
ions have been found to facilitate the Amadori reaction while the cationic buffer ions 
(e.g., TAPSO) were found to suppress the Amadori rearrangement process (Hayase et 
al, 1996). Under physiological conditions, it was observed that the lysine residues of 
the proteins were preferentially glycated. They reported that the presence of acidic 
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residues in the vicinity of protein amino groups may catalyze the Amadori 
rearrangement process, especially, under neutral and slightly basic conditions while 
hydrophobic residues in the microenvironment of lysine residues have been found to 
reduce the water activity of the local environment and increase the rate of glycation. 
The presence of oxygen in the reaction system can also influence the rate and 
specificity of glycation during the initial stages of the reaction (Yeboah et al., 1999). 
The lower initial rate of glycation and the selectivity in the glycation of the amino 
groups of proteins, in the presence of oxygen was attributed to the parallel competitive 
giycoxidation reactions of the reducing sugars (Yeboah et al., 1999) that reduced the 
effective concentration of the reducing sugar in the reaction system. As the effective 
concentration of the reducing sugars decreased, only the most reactive amino groups of 
the proteins were glycated. In the presence of oxygen and transition metal ions reducing 
sugars, especially, aldoses can readily undergo oxidation to form more reactive 
oxidation products, such as glyoxal and glucosone (Hayase et al., 1996) which are more 
effective in glycating primary amino groups and the guanidine groups of arginine 
residues of proteins thereby increasing the rate of glycation 
1.1.5.3 The Maillard reaction and its significance 
In the last two decades the Maillard reaction has attracted a great deal of interest 
among researchers in food processing industry and other disciplines, including 
nutrition, toxicology, physiology and pathology. Most of this interest has been spurred 
on by the effects of glycation on the structural and functional modification of proteins 
in food systems, as well as the physiological and pathological consequences of protein 
glycation in biological systems. Some aspects of the Maillard reaction are generally 
considered harmful from the nutritional, toxicological and physiological points of view. 
From the toxicological point of view, some of the products of advanced Maillard 
reaction (AGEs), especially the heterocyclic amines have been reported to have 
genotoxic properties (i.e. capable of interacting with and causing DNA modification) 
(Skog, 1993). Some of the reported changes in biological function of glycated proteins 
include, loss of recognition by receptors, increased resistance to proteolysis, resulting in 
decreased rate of turnover and increased accumulation (Takizawa, et al., 1993), loss of 
protease inhibitory activity of proteinous inhibitors (Kato and Matsuda, 1996), and 
decreased protein flexibility, due to inter and intra-molecular cross-linking. The effects 
of protein glycation in vivo are particularly pronounced in diabetics and patients with 
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renal insufficiency, due to the high levels of circulating blood sugar and soluble AGEs 
and the phenomenon has also been implicated in many age related health complication 
including heart disease, vision impairment, Alzheimer's etc. (Vlassara and Bucala, 
1996; Henle et al., 1997; Monnier et ai, 1996). The phenomenon also has implications 
in food processing. 
1.1.5.4 Maiilard reaction in food 
Some of the AGEs resulting from the Maiilard reaction of proteins have cross-
links, generated via bridging of the protein-bound amines such as lysine and arginine, 
by carbonyl containing compounds. The crosslinking of proteins by the Maiilard 
reaction during food processing has been well established (Mohammed et al., 2000; 
Fayle et al, 2001; Gerrard et ai, 2002c). Although isolation and characterization of 
various crosslinks isolated from tissue has been reported like pentosidine, Threosidine, 
Glucosepane, etc. (Miller and Gerrard, 2005), the impact of protein crosslinking by this 
process on food properties is not yet well understood (Gerrard, 2002). 
The positive attributes of the reaction have been well recognised in food 
systems. These attributes may be divided into two categories: sensorial and textural. 
The sensory attributes of the Maiilard reaction include the development of desirable 
color, volatile and non-volatile flavor and aroma compounds during food preparation 
(Miller and Gerrard, 2005). The textural attributes, include the improvement of protein 
solubility, water-holding capacity, thermal stability (Darewicz et al, 1998), gelling and 
emulsifying properties (Saeki, 1997; Shu et al, 1996). With the development of more 
sensitive analytical techniques, several studies have reported other favorable 
consequences of the Maiilard reaction in food systems, namely, the formation of 
compounds with antioxidant, anti-bacterial, anti-mutagenic and anti-carcinogenic 
properties (Chuyen et al, 1998). Nutritionally, the reaction reduces the quality of food 
proteins by reducing the bioavailability of lysine (an essential amino acid), and by 
destroying other essential amino acids such as tryptophan and cysteine (Birlouez-
Aragon et al., 1997). The reaction can also affect the solubility and digestibility of food 
proteins (Friedman, 1996) thus affecting the overall protein efficiency ratio. 
Food preparation for consumption often involves heating, which can result in a 
deterioration of the functional properties of these proteins (Bouhallab et al., 1999; 
Morgan et al., 1999; Shepherd et al., 2000). Although increase in protein stability at 
high temperatures and improved emulsifying activity have been observed (Aoki et al, 
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1999; Bouhallab et al, 1999; Shepherd et al, 2000), dimerization and oligomerization 
of some proteins has also been noted (French et al, 2002; Aoki et al., 1999; Bouhallab 
et al, 1999; Chevalier et al, 2002; Morgan et al, 1999; Pellegrino et al, 1999). Some 
recent data have suggested that the Mai Hard crosslinks may be important in the 
polymerization process (Chevalier et al, 2002). Others have also suggested that the 
polymerization may occur via protein crosslinks formed as a result of the Maillard 
reaction, but disulfide bonds may still play some role (Handa and Kuroda, 1999); the 
exact mechanism remains undefined (Matsudomi et al., 2002). 
1.1.5.5 Maillard reaction in milk 
Among the different milk proteins, whey proteins are well known for their high 
nutritional value and versatile functional properties in food products. Whey protein 
products are used as functional ingredients in a wide variety of dairy products such as 
ice creams, fresh cheeses, or yogurts (de Wit, 1998; Foegeding et al, 2002) and in 
nondairy products. Moreover, it has been demonstrated that glycation of whey proteins 
could significantly improve their original functional properties (Nacka et al, 1998; 
Chevalier et al., 2001). Protein glycation could be achieved either in a dry state or in 
aqueous solution. The latter leads to important structural changes, whereas dry state 
glycation does not alter the native structure of the protein significantly (Morgan et al., 
1999). Several studies also demonstrated that reactivity of the reducing sugar decreases 
with its size but increases with its mutarotation capacity (Nacka et al., 1998). Thus, the 
nature of the sugar involved in the glycation would significantly influence the resuhing 
changes in physico-chemical properties of the modified protein. 
1.1.5.6 Glycation of BLG 
Various studies on BLG modification have been performed till date either in 
solid state or in aqueous solution with various sugars viz. ribose, arabinose, glucose, 
galactose, lactose, fructose etc. (Morgan et al, 1999; Chevalier et al, 2001). Several 
studies have focused on the use of lactose in BLG glycation reactions as it is present in 
milk in good amount (Smithers, 2008). Determination of the glycation extent has been 
made using various techniques like the furosine assay, OPA method and LC-ESIMS 
analysis (Fenaille et al, 2003). Chevalier et al. (2002) showed that near UV-CD profile 
of sample modified with lactose was relatively similar to the native protein at 286 nm, 
but showed a decrease in minima at 293 nm suggesting that the tertiary structure was 
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conserved. Far UV-CD spectrum of glycated protein also revealed quite similar profile 
when compared with native protein but DSC measurements showed shift in 
denaturation temperature of glycated protein indicating protective role of glycation on 
thermal denaturation. Broersen et al. (2004) studied the impact on structural integrity of 
BLG on glycation with glucose and fructose. It was shown using far UV-CD that no 
loss in secondary structure occurred nor any significant change in tertiary structure 
observed through near UV-CD. ANS binding to the surface of modified protein was 
significantly lower than that for unmodified protein. Temperature dependent DSC and 
CD measurements showed improved thermostability upon glycation. Impact of 
Maillard type glycation on properties of BLG was also studied by Chobert et al. (2006). 
It was observed that glycation of BLG with galactose, glucose, lactose or rhamnose 
increased the temperature of denaturation of BLG. It also induced a radical scavenging 
activity; the intensity of which depended on the sugar used for modification. Among 
the sugars used arabinose and ribose induced the highest degree of modification. 
Glucose, galactose and rhamnose were found to be less reactive and lactose generated 
the lowest degree of modification (Chobert et al., 2006). Proteins reacted with ribose or 
arabinose formed polymers stabilized by sugar-induced covalent bonds while with 
other sugars aggregated proteins were found to be stabilized mainly by hydrophobic 
interaction and disulfide bonds (Chevalier et al., 2001). According to Chevalier et al. 
(2001), glycation induced a shifting of the minimum solubility towards more acidic pH 
while the native BLG was soluble over the entire pH range studied. Study of the 
Maillard reactions between BLG and lactose revealed the presence of lactulosyllysine, 
a unique lactosylation site in the early step of the reaction (Fogliano et al., 1998) and 
heterogeneity of protein glycoforms. Enomoto et al. (2007) studied the effect of 
glycation and phosphorylation of BLG by dry-heating on its structure and some 
properties. No effect of Maillard reaction with maltopentaose or phosphorylation on the 
solubility of BLG was observed. Tertiary structure was however somewhat changed by 
glycation and subsequent phosphorylation. Also, it was suggested that conformational 
changes induced greater exposure of Trp residues to solvent by dry heating in the 
presence of maltopentaose. The retinol-binding activity of the BLG was somewhat 
reduced by dry-heating in the absence of sugar and pyrophosphate and further reduced 
by glycation and subsequent phosphorylation suggesting an alteration in the retinol 
binding site of BLG. Immunogenicity of the modified BLG revealed by ELISA, was 
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found to be lowered and the reduction was attributed to the shielding of the epitopes in 
the protein as a result of conjugation with the sugar (Enomoto et al., l^^l). 
1.1.6 Protein structure and effect of solvents 
After the classical refolding experiment of RNase, Anfinsen (1973) concluded 
that, all the information necessary to achieve the native conformation in a given 
environment is contained in the sequence of amino acids, although other studies suggest 
that helices and strands often take their conformational instructions from the solvent 
(Haq et al, 2005). Protein native conformation is thus assumed to be controlled by 
intramolecular interactions between protein functional groups and intermolecular 
interactions between protein and solvent molecules which are dominant at low protein 
concentration. Several factors affect protein native conformation producing changes 
that cause protein unfolding such as temperature, pressure, changes in pH or the 
addition of other compounds. Although several models based on the experimental 
behaviour of some proteins have been proposed to explain stability of native proteins, 
the denaturation process, and the relation between structure and function are not well 
understood. Studies on protein behaviour in various solvents received remarkable 
interest since they provide valuable information on solute-solvent interactions and 
solvent effect on protein stability (Zweifel et al., 2002; Romero et al., 2007). Several 
organic solvents like alcohols, acetonitrile, n-octane, tetrahydrofuran etc. have been 
used by researchers. Recent advances in biophysical techniques (El Kadi et al, 2006), 
both thermodynamic and kinetic, have shown the presence of stable intermediate 
conformational states in a number of proteins induced by various factors, including pH 
which helped in the understanding of protein folding phenomenon (Horwick, 2002; 
Calamai et al, 2005). The effect of cosolvents on such stable intermediates gives 
further insight into the complex folding phenomenon and aggregation in many proteins 
(Naeeme^a/.,2004). 
Effect of alcohols on protein stability has been widely studied to gain 
knowledge of biologically important events because the alcohol solutions mimic the 
environment of bio-membrane, modify folding pathway of proteins and induce the 
assembly of biologically relevant peptides (Konno et al, 2000). One of the points of 
focus is the role of alcohol as denaturant at high concentration and several studies have 
shown that denaturing effect of alcohols increases with hydrocarbon chain length 
(Hirota-Nakaoka and Goto, 1999; Laboure et al, 2004). Other authors have evaluated 
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the effect of polyols on denaturation and observed that polyols have a stabihzing effect, 
increasing thermal denaturation temperature of BLG and other globular proteins 
(Kulmyrzaev et al., 2000; Kim et al, 2003). Romero et al. (2007) studied the effect of 
dilute aqueous solutions of alcohols and polyols of four carbon atoms (1-butanol, 1,2-
butanediol, 1,2,4-butanetriol and 1,2,3,4-butanetetrol) on thermal stability of BLG and 
concluded that the denaturing effect of the alcohols decreases in the following order: 
1-butanol > 1, 2-butenodiol > 1, 2, 4-butanetriol > 1, 2, 3, 4-butanetetrol 
The denaturing effect becomes smaller as the number of OH increases probably due to 
the increased possibility of hydrogen bonding that contributes remarkably to the 
stability of the native structure of the proteins (Hecht, 1998). Alcohols are also 
commonly used as structure inducing cosolvents. Addition of alcohols enhances the 
helicity of peptides or induces helicity in peptides that are essentially disordered to 
begin with (Bhakuni et a/., 1998). They act on protein in two ways. First they modify 
water structure in such a way that hydrogen bonding between water and protein 
molecules decreases and promotes formation of intra-molecular hydrogen bonding and 
secondary structure. Secondly alcohols being non-polar solvents, bind with 
hydrophobic core of proteins to destabilise tertiary structure (Manavalan and Johnson, 
1983). Aqueous fluoroalcohol solutions are also known to promote helix formation in 
medium-sized peptides of modest helical propensity (Kumar et al., 2004). Aqueous 
2,2,2-trifluoroethanol (TFE) solutions have been found to increase helicity of many P-
sheet containing proteins including BLG (Invernizzi and Grandori, 2007) and to 
produce a molten globule state of lysozyme (Buck et al, 1993). TFE is by far the most 
common fluoroalcohol used in polypeptide studies but 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP), has also been used. Aqueous HFIP has been used to 
induce helicity in medium-sized peptides in much the same way as TFE (Naeem et al, 
2004). The effects of aqueous HFIP and TFE on the structure of acid-unfolded papain 
were studied by Naeem et al. (2004). Addition of HFIP and TFE caused an induction of 
a-helical structure while recovering enzymatic activity by 54 and 61%, in the presence 
of 13% (v/v) HFIP and 30% (v/v) TFE, respectively. 
Another widely used organic solvent in protein folding studies is acetonitrile 
(ACN). It is known to assist a-helix to P-sheet transition in many proteins (Kandori et 
al.. 2002). ACN is more polar than alcohol, but less polar than water (Pittz and 
Timasheff, 1978). Among several organic solvents used in RP-HPLC, ACN is the most 
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utilised because of the high resolution attainable probably due to low viscosity of 
water-ACN mixtures (Gekko et ai, 1998). The knowledge of the effect of cosolvents 
on proteins is important in reverse phase (RPC) as well as normal phase liquid 
chromatography. Non-polar side chains of proteins show preference towards 
hydrophobic interactions with the non-polar moiety (CH3) group of ACN molecule over 
water. The hydrophobic bonding capacity of these non-polar side chains is weakened 
by addition of ACN leading to destabilisation of tertiary structure of proteins. Free 
tryptophan also shows increase in solubility with increase in ACN concentration in 
water-ACN mixtures. On the other hand, the backbone peptide groups show decrease in 
solubility by addition of ACN, leading to the enhancement of peptide-peptide hydrogen 
bonding (Gekko et ai, 1998). The stability and solubility of protein are directly related 
to the separation of proteins and peptides in RPC. The acidity of the mobile phase 
contributes to retention of the protein by altering (a) charge distribution on proteins, b) 
ionization of surface silanols of the support, and (c) the denaturation of the proteins. 
Non-polar ACN molecules are excluded from the charged surfaces of both protein and 
support through 'local salting out' mechanism that gets diminished at acidic conditions 
due to relative increase in the solubilising effect of ACN for non-polar groups, leading 
to good recovery and resolution of proteins (Gekko et al, 1998). ACN has been used 
by several workers to study folding of different proteins: albumins (Sirotkin and 
Korolev, 2005; Sen etai, 2009), bovine serum fetuin (Ahmad et al., 2010) etc. Enzyme 
structure and function in ACN has been extensively studied. These include porcine 
pepsin A (Cardoso et al., 2009), a-chymotrypsin (Sirotkin et al, 2000), cardosin A 
(Shynrova et al., 2006), carbonic anhydrase (Safarian et al., 2006), subtilisin BPN 
(Yang et al., 2004) etc. It has been observed that as the polarity of the organic solvent is 
increased (e.g., octane, tetrahydrofuran, acetonitrile), the catalytic activity of some 
enzymes drops dramatically (de Sampaio et al., 1996; Yang et al., 2004). 
Several solvent unfolding studies on BLG have also been carried out. Secondary 
structure predictions on the basis of its amino acid sequence have shown that it has a 
high propensity for a-helical conformation (Nishikawa and Naguchi, 1991; Kuroda et 
al., 1996). The fact that bovine BLG (Shiraki et al., 1995) and its peptide fragments 
(Hamada et al., 1995; Kuroda et al., 1996) assume a highly helical structure in the 
presence of TFE suggest that removal of non-local interactions between amino acid 
residues distant from each other in the sequence stabilizes the helical structure 
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according to the intrinsic helical preference of the local amino acid sequence. 
Furthermore, stopped flow CD measurements indicate refolding intermediates of BLG 
contains non-native a-helical structure (Hamada et ai, 1996). These results suggest a 
case of non-hierarchical protein folding in which the non-native a-helical structure play 
important roles in forming the native P-sheets, a striking contrast to the folding models 
suggested from studies of other proteins. It was therefore suggested that BLG may 
serve as a model for the a ^ P conformational change associated with prion disease or 
with Alzheimer's disease, where the a-helical forms are normal and the P-sheet forms 
are amyloidogenic (Prusiner, 1997). 
1.1.7 Objective of the present work 
BLG, in spite of a lack of definitely assigned physiological function, is among 
the most thoroughly studied proteins. Detailed investigations continue to be directed to 
explore its potential role as a carrier of small hydrophobic ligands like retinol and fatty 
acids, as a protein contributing to cow's milk allergy, as an excellent source of nutrition 
in the form of branched chain and other essential amino acids and a potential source of 
bioactive peptides. Several procedures are available for the purification of BLG from 
milk and whey but these are time consuming, necessitate sophisticated instrumentafion 
or difficult to scale up. A simple strategy was therefore conceived for obtaining pure 
BLG in native form in a single step from whey with potential for scaling up. 
The genetic variants of milk proteins have recently been of great interest in the 
dairy industry. BLG exists in several isoforms but the isoform A and B predominate 
and their properties and behaviour remarkably affect the industrial processing of milk 
and the characteristics of milk products. While the BLG variants A and B show 
similarities in properties, they differ in behaviour due to the two differences in their 
amino acid sequence. Of particular economic importance for the dairy industry, is the 
well-confirmed association of the BLG variants with the milk components, thermal 
processing, rennet coagulation, and cheese-making properties of milk. Thus differences 
in the technological properties of milk due to certain genetic variants need to be 
confirmed by studies on isolated milk components. 
Milk proteins including the BLG are subjected to Maillard reaction during 
industrial processing and in domestic cooking of milk for the enhancement of colour, 
aroma and flavour. Modifications of the native structures of BLG variants by heat 
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induced glycation and aggregation tiave the potential to remarkably influence the 
alterations in their functional properties taking place during milk processing. Attempts 
were therefore made in this study to investigate the effects of heating of the BLG 
variants A and B with various sugars on their conformation and aggregation behaviour. 
It was also considered of interest to examine the role of the lone free -SH of Cysl21 of 
BLG, which has been implicated in aggregation, on the protein glycation. The 
comparison was also extended to the study of effects of acetonitrile (ACN), a routinely 
used solvent in RP-HPLC, on the structure/conformation of the BLG variants with a 
view to obtain information also on the folding pathways of the proteins. 
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2.1 Materials 
Chemicals used in the study were obtained from various sources as detailed below. 
Glass distilled water was used in all experiments. 
Chemical 
Acetic acid 
Acetone 
Acetonitrile 
N-acetyl L-cysteine 
Acrylamide 
m-Aminophenylboronic acid 
Ammonium persulfate 
Ammonium sulphate 
l-anilino-8-naphthalene sulphonic acid (ANS) 
Bicinchoninic acid (BCA) total 
protein determination kit 
Bio-Gel PIO 
Blue dextran 
Bovine Beta-lactoglobulin A 
Bovine Beta-lactoglobulin B 
Bovine serum albumin 
Bromophenol blue 
Coomassie brilliant blue R-250 
3, 3"-Diaminobenzidine 
Diethylaminoethyl cellulose 
D-fructose 
D-glucose 
Di-hydrogen sodium phosphate 
D-lactose 
D-mannitol 
D-ribose 
Di-sodium hydrogen phosphate 
5,5-Dithiobis (2-nitrobenzoic acid) 
Source 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
E-Merck, Germany 
Sigma Chemical Co., USA 
Sisco Research lab, India 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Qualigens Fine Chemicals, India 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Bio-Rad lab, USA 
Pharmacia Fine Chem., Sweden 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Qualigens Fine Chemicals, India 
Sigma Chemical Co., USA 
HiMedia Lab Pvt Ltd., India 
Sigma Chemical Co., USA 
Qualigens Fine Chemicals, India 
HiMedia Lab Pvt Ltd., India 
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Ethylene diamine tetraacetic acid (EDTA) 
Freund's Complete Adjuvant 
Freund's Incomplete Adjuvant 
Glycerol 
Glycine 
Goat anti-rabbit IgG, HRP conjugated 
Guanidine Hydrochloride 
HPLC water 
Hydrochloric acid 
lodoacetamide 
L-leucine 
Magnesium chloride 
P-Mercaptoethanol 
Methanol 
N'N', Methylene bisacrylamide 
Molecular weight markers 
o-Phthaldialdehyde 
Porcine Pepsin 
Sodium acetate 
Sodium azide 
Sodium bicarbonate 
Sodium borate 
Sodium chloride 
Sodium hydroxide 
Sodium lauryl sulphate 
3,3', 5,5'-Tetramethylbenzidine (TMB/H2O2) 
N,N,N' ,N' -Tetrametyl ethylenediamine 
Trifluoroacetic acid 
Tris (hydroxymethylaminoethane) 
Qualigens Fine Chemicals, India 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Genei Pvt. Ltd.,Bangalore, India 
Sigma Chemical Co., USA 
E-Merck, Germany 
Qualigens Fine Chemicals, India 
HiMedia Lab Pvt Ltd., India 
Sisco Research lab, India 
Qualigens Fine Chemicals, India 
Sisco Research lab, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Genei Pvt. Ltd.,Bangalore, India 
Sigma Chemical Co., USA 
Sigma Chemical Co., USA 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Qualigens Fine Chemicals, India 
Sigma Chemical Co., USA 
HiMedia Lab Pvt Ltd., India 
HiMedia Lab Pvt Ltd., India 
Qualigens Fine Chemicals, India 
All other chemicals used were of analytical grade. 
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2.2 Methods 
2.2.1 Isolation of BLG from Bovine Whey 
2.2.1.1 Preparation of milk whey 
Fresh cow's or buffalo's milk obtained from a private herd was subjected to 
delipidation by centrifugation at 2000 x g at 4°C for 10 minutes followed by the 
removal of fat that accumulated as a layer on the top. Whey proteins were separated 
from the caseinic fraction by adjusting the pH of milk to 4.6 using 10 % (w/v) acetic 
acid. The precipitated caseins were allowed to settle down and removed by 
centrifugation at 2,000 x g for 10 minutes at 4°C. The resulting whey was adjusted to 
pH 3.0 using 1.0 M HCl, dialyzed against 20 mM phosphate buffer, pH 3.0 containing 
18 mM NaCl and stored at -80 °C until use. 
2.2.1.2 Gel filtration chromatography 
Five mL of the sample containing up to 30 mg protein was applied to a 83 cm 
long column with an internal diameter of 2.3 cm, filled with about 340 mL preswoUen 
Bio-Gel PIO (Bio-Rad) and equilibrated with 20 mM phosphate HCl buffer, pH 3.0 
containing 18 mM NaCl. The flow rate was adjusted to 35 mL hour' and 1.0 mL 
fractions collected. Absorbance of the collected fractions was measured at 280 nm 
using a Shimadzu UV1700 UV-VIS spectrophotometer (Japan) and plotted against the 
elution volume using the Microsoft excel 2007 package. The pooled fractions were then 
lyophilized and stored at -80° C until further use. 
2.2.2 Modification of BLG 
2.2.2.1. In vitro glycation of BLG 
BLG variants A and B were dissolved in 10 mM phosphate buffer pH 7.0. The 
incubation mixture contained 5 mg mL"' protein and ribose, fructose, glucose or lactose 
at a final protein/sugar molar ratio of 1/1000. The solutions were incubated at as 
indicated at various temperatures (50° C - 85° C) for various time periods (20 min-3 
days) in presence of 0.02% sodium azide. Unbound sugars were removed from the 
protein by extensive dialysis against 10 mM phosphate buffer, pH 7.0. All samples 
were then stored at -80° C for later use. Proteins incubated without sugar under the 
conditions served as controls. 
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2.2.2.2 Modification of free sulfhydryl groups 
lodoacetamide (lAA) was used to block free thiol group of BLG variants A and 
B, as reported earlier by lametti et al. (1998) with slight modification. Protein solutions 
(20 mg mL"' or 2 mg mL"') in 50 mM phosphate buffer, pH 6.8 were incubated with 
0.12 M lAA in the presence of 2.0 M GnHCl. The reaction mixture was flushed with N2 
for 15 min and stirred for 2 hrs at room temperature. The samples were dialysed against 
50 mM phosphate buffer, pH 6.8. 
2.2.3 Unfolding of BLG with acetonitrile (ACN) 
Stock solutions of 5 mg mL'' proteins were prepared in 10 mM glycine HCl, pH 
2.0, 10 mM Tris HCl pH 7.0 or 10 mM Tris NaOH pH 9.0 buffers and dialyzed 
overnight against respective buffers. Protein samples containing 6.0 M GnHCl were 
prepared in respective buffers and measurements of pH were carried out on a Mettler 
digital pH Meter. To the stock protein solutions various volumes of buffer were added, 
followed by the addition of stock acetonitrile (assumed to be 100%, v/v) to obtain the 
desired concentration of the cosolvent (0-80% v/v). The mixture (1.0 ml) was incubated 
for 8-10 hrs at room temperature before optical measurements were recorded. 
2.2.4 Colorimetric and Spectrophotometric Assays 
2.2.4.1 Determination of protein concentration 
Protein concentrations were determined either spectrophotometrically at 280 
rmi, specific extinction coefficient of 9.6 (Morgan et al., 1997) or by using the BCA 
(bicinchoninic acid) reagent (Stoscheck, 1990). Bovine serum albumin (BSA) was used 
as the standard as per the instruction of the manufacturers. A UV-VIS (UV-1700, 
Japan) Shimadzu spectrophotometer was used for the absorption measurements. 
2.2.4.2 Determination of available amino groups (OPA assay) 
Free amino groups in protein samples were determined using the ortho-
phthaldialdehyde (OPA) reagent (Church et al, 1983). OPA reagent was prepared 
afresh before use by mixing 25 ml of O.I M sodium borate, 2.5 ml of 20% (w/v) SDS, 
100 \A of 2-mercaptoethanol and 40 mg OPA (dissolved in 1 mi of methanol) and 
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adjusting the final volume to 50 ml with distilled water. An aliquot of samples 
containing about 50 |j,g of protein was diluted to 1.0 mL with OP A reagent directly in a 
quartz cuvette; the solution was mixed briefly by inversion and incubated for 2.0 min at 
room temperature. The absorbance was read at 340 nm in a UV-VIS Shimadzu 
spectrophotometer against a blank containing the OPA reagent. Native proteins were 
assumed to have 100% available amino groups. 
2.2.4.3 Determination of free sulphydryl groups (DTNB assay) 
The content of sulfhydry] groups in native and lAA treated proteins was 
determined using DTNB reagent according to EUman (1959). Briefly, DTNB reagent 
was prepared by mixing 500 \xl of 2 niM DTNB in 50 niM sodium acetate, 1000 |n] 1.0 
M Tris pH 8.0, 4950 |il of 8.0 M GnHCl and adequate amount of water. To 10 |il of 
protein treated with 4M GnHCl in the well of a microplate, 190 |^ 1 of DTNB reagent 
was added, mixed well and incubated for 5 minutes at 37° C. The absorbance was 
measured at 415 nm in Bio-Rad plate reader. A standard calibration curve was made 
with N-acetyl cysteine. 
2.2.5 Polyacrylamide Gel Electrophoresis (PAGE) 
2.2.5.1 Non-denaturing PAGE 
PAGE was performed essentially according to the procedure described by 
Laemmli (1970), using a slab gel apparatus (E5angalore Genei, India). 30% (w/v) 
acrylamide stock solution containing 0.8 % (w/v) bis-acrylamide, and 1.5 mM Tris, pH 
8.8 were mixed in appropriate proportions to give desired percentage of gel. Freshly 
prepared 10% (w/v) ammonium persulfate and TEMED were then added in appropriate 
order and amounts before pouring the mixture into the mould formed by two glass 
plates (8.5 cm x 10 cm) separated by 1.0 mm thick spacers. Care was taken to prevent 
bubbles and leakage. A 7-welled comb was quickly inserted into the gel film and 
polymerization allowed to occur. After about 15 min, the comb was removed and the 
wells were cleaned. The gel was then placed in the assembly and wells overlaid with 
running buffer. Protein samples 5-35 |ig were mixed with equal volume of the sample 
buffer {containing 10% (v/v) glycerol, 62 mM Tris HCl, pH 6.8 and traces of 
bromophenol blue as tracking dye} and were applied to the wells. Electrophoresis was 
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performed at 50 V in pH 8.3 buffer containing 0.2 M glycine and 25 mM Tris until the 
tracking dye reached the bottom of the gel. 
2.2.5.2 SDS-PAGE 
SDS-PAGE was performed essentially according to the procedure described 
by Laemmli (1970). 30% (w/v) acrylamide stock solution containing 0.8 % (w/v) bis-
acrylamide, distilled water, 1.5 mM Tris, pH 8.8 and 10% SDS (w/v) were mixed in 
appropriate proportions to give desired percentage of gel. Freshly prepared 10% (w/v) 
ammonium persulfate and TEMED were then added in appropriate order and amounts 
before pouring the mixture into the mould formed by two glass plates (8.5 cm x 10 cm) 
separated by 1.0 mm thick spacers avoiding bubbles and leakage. Immediately, a 7-
welled comb was inserted into the gel and removed once polymerization was complete. 
The polymerized gel was placed in the gel assembly and wells immersed in running 
buffer. For non-reducing SDS-PAGE, sample buffer used contained 10% (v/v) glycerol, 
62 mM Tris HCl, pH 6.8, 1% (w/v) SDS and traces of bromophenol blue as tracking 
dye whereas for reducing SDS-PAGE, 5% (v/v) P-mercaptoethanol was included in the 
buffer. Protein samples 5-35 |ig were mixed with equal volume of the sample buffer. 
Samples for reducing SDS-PAGE were placed in a boiling water bath for 5 min prior to 
their application into the wells. Electrophoresis was performed at 100 V in pH 8.3 
buffer containing 0.2 M glycine, 25 mM Tris and 0.1% SDS until the tracking dye 
reached the bottom of the gel. 
2.2.5.3 Staining procedure 
After the completion of electrophoresis, the gels were removed from the plates 
and protein were visualised by staining in 5 gel volumes of 0.1 % Coomassie brilliant 
blue-R-250 in 45%) (v/v) methanol and 10%) (v/v) acetic acid for at least 6 hrs. For 
destaining, the gels were incubated with shaking in a aqueous solution containing 10% 
(v/v) methanol and 10%o (v/v) acetic acid at room temperature. 
2.2.6 Spectroscopy 
2.2.6.1 Absorption spectroscopy 
Protein solutions of appropriate concentrations prepared in 10 mM Tris HCl, pH 
7.0 were scanned between 230-310 nm in a Shimadzu UV-VIS Spectrophotometer. 
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2.2.6.2 Fluorescence spectroscopy 
Fluorescence measurements were carried out using Hitachi F-4500 
spectrophotometer equipped with a computer. The fluorescence spectra were obtained 
at 25° C with a 1.0 cm path-length cell using appropriate excitation and emission slit 
widths. Each spectrum is the average of at least two scans corrected for respective 
blanks. Rayleigh's scattering measurements were performed by observing emission at 
350 nm after exciting at 350 nm. 
For intrinsic fluorescence measurements, the excitation wavelength of 280 nm 
and emission range 300-450 nm were used while for extrinsic ANS fluorescence 
measurements, the exchation wavelength was 370 nm and the emission was scanned in 
the wavelength range 400-600 nm. A stock solution of ANS in distilled water was 
prepared and the concentration determined using an extinction coefficient of SM = 5000 
M"'.cm"' at 350 nm (Khurana and Udgaonkar, 1994). The molar ratio of protein to ANS 
was 1:50. Non-tryptophan AGE fluorescence was monitored in the range 400-500 nm 
after excitation at 370 nm. 
2.2.6.3 Circular dichroism spectroscopy 
CD measurements were carried out with a JASCO spectropolarimeter, model J-
815 equipped with a microcomputer. The instrument was calibrated with d-10-
camphorsulphonic acid. All the CD measurements were made at 25°C with a 
thermostatically controlled cell holder attached to Neslab's RTE-110 water bath with an 
accuracy of ±0.1 °C. Spectra were collected with scan speed of 20 nm.min'' and 
response time of 2.0 sec. Each spectrum is the average of at least two scans. Far-UV 
CD and near-UV CD spectra were recorded at protein concentrations range of 0.1 
mg.mL" and 1-2 mg.mL" with a cell of 0.1 cm and 1.0 cm path length, respectively. 
CD spectra were recorded in the range 190-250/210-250 nm and 250-310/250-330 nm 
for far and near-UV range, respectively. For all spectra, the smoothing parameters viz. 
function type, smoothing order, number of points and number of times were Savitsky-
Golay, 4, 20 and 20, respectively. 
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2.2.7 Pepsinolysis of BLG 
Solutions of native proteins and those incubated at 85° C for 20 min with or 
without the various sugars, were dissolved in 10 mM Glycine HCl, pH 2.5 to obtain a 
final concentration of 1 mg mL"'. Porcine pepsin was added to the reaction mixture at 
an enzyme/substrate molar ratio of 1/100. After incubating the mixture for 3 hrs at 
room temperature, the reaction was stopped by the addition of 1.0 volume of 2.0 M Tris 
HCl pH 8.8 and hydrolysates were stored at 4° C before analysis. BSA was given a 
similar treatment and used as a control (Chevalier et al, 2002). 
2.2.8 Reverse Phase High Performance Liquid Chromatography (RP-HPLC) 
Peptic hydrolysates of native and enzyme treated BLG A & B were separated by 
RP-HPLC on a Symmetry CIS column (4.6 mm x 250 mm, Waters, USA) as described 
by Chevalier et al. (2002). The column was equilibrated in 80% solvent A (0.11% TFA 
in H2O) and 20% solvent B (80% ACN, 19.91% HO, 0.09% TFA v/v/v). Elution was 
performed with linear gradient from 80-0% solvent A for 28 min at a flow rate of 1.0 
ml/min and peaks were detected by measuring absorption at 214 nm. The HPLC 
equipment consisted of a Waters 1525 Binary pump and the system was driven by 
Breeze program. 
2.2.9 Transmission Electron Microscopy 
TEM images of samples were acquired with a JEOL 10053 instrument. BLG A 
& B samples incubated with different proportions of acetonitrile were stained either 
with 2% aqueous uranyl acetate or with 1% sodium phosphotungstate, pH 6.0, directly 
on 300 mesh nickel grids precoated with a freshly prepared collodion film and 
subsequently coated with carbon. TEM was carried out at the advanced instrumentation 
facility at JNU, New Delhi. 
2.2.10 Immunological Procedures 
2.2.10.1 Immunization of rabbits 
Immunization was carried out by the procedure described by Neyestani et al 
(2003). Male rabbits were injected intramuscularly with the protein antigen in four 
separate doses. The first injection was given after emulsification with Freund's 
Complete Adjuvant and in case of boosters with Freund's Incomplete Adjuvant. First 
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injection contained 300 i^ g while the boosters consisted of 150 jig of the protein. First 
booster was given after two weeks of the first injection and subsequent boosters were 
administered after weekly gaps. Five days after the third booster blood was drawn from 
the central ear artery. Whole blood samples were allowed to clot for an hour at room 
temperature and left overnight at 4°C for the clot to retract. The serum was collected 
and centrifuged at 367 x g for 10 min at 4°C. 
2.2.10.2 Direct binding enzyme-linked immunosorbent assay (ELISA) 
ELISA was performed by the procedure described by Neyestani et al (2003) 
on a 96-well microplate. Wells were coated with 100 jul solution containing 5 ^g of the 
protein in phosphate buffer pH 9.0 overnight at 4°C. After washing thrice with Tween-
phosphate buffer saline (PBST), 200 \xL of 1% (w/v) BSA was transferred to each well 
for blocking and left overnight at 4°C. Washing was carried out three times with PBST. 
Serial 2-fold dilutions (1.TOO to 1:204800) were then made in PBST from the antisera 
prepared against the purified BLG so that the final volume in each well was 100 \x\. The 
plate was then incubated at 37° C for 2 hours, ft was washed again with PBST and then 
100 \x\ goat anti-rabbit Ig conjugated with horseradish peroxidase (HRP) diluted with 
PBST (1:1000) was transferred to the wells. After 40 min incubafion at 37 °C, wells 
were washed with PBST and 100 \i\ of 3,3',5,5'-tetramethylbenzidine (TMB/H2O2) 
reagent diluted to 1:20 in distilled water was added to each well. Color was allowed to 
develop for 15 min at 37° C and reaction stopped with 1.0 M H2SO4. The absorbance 
was read at 405 nm using a microplate reader (Bio-Rad). Pre-immune serum was used 
as a control. All tests were done in duplicate. 
2.2.10.3 Western blotting 
The procedure reported by Neyestani et al (2003) was used with minor 
modification. Briefly, SDS-polyacrylamide gel electrophoresis was run as described 
above. Protein transfer onto the nitrocellulose membrane was performed using a current 
of 30 mA overnight at 4° C using a Bio-Rad assembly. The nitrocellulose membrane 
was then blocked with 3% (w/v) BSA and incubated with the rabbit anti-serum (1:25 
dilution in PBST) with gentle shaking for 2 hours at room temperature. The membrane 
was finally incubated with HRP conjugated goat anti-rabbit IgG for 90 minutes at room 
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temperature with continuous shaking. Washing with PBST was performed after each 
step. Bands were visualized on the membrane using 3, 3'-diaminobenzidine substrate 
(Neyestani et a!., 2003). 
2.2.11 Data Analysis 
2.2.11.1 Determination of molecular weight of proteins 
The gel filtration column was calibrated by determining the elution volume of 
several globular proteins {commercial BLG B (BG), 18 kDa; lysozyme (LY), 14 kDa; 
cytochrome c (CC), 12.4 kDa; insulin (IN), 5 kDa} in phosphate buffer, pH 7.0 at a 
flow rate of 35 mL hour' . The molecular weights of the eluted whey fractions from the 
gel filtration column were determined using the linear plot between Ve/Vo and log M 
(Andrews, 1964). 
The molecular weight of proteins was also calculated by the procedure of 
Weber and Osbom (1969) using reducing SDS-PAGE. The standard proteins used were 
phosphorylase b, 97.4 kDa; bovine serum albumin (BSA), 68 kDa; ovalbumin, 43 kDa; 
lysozyme, 14.3 kDa (Molecular weight marker standards, Genei, Bangalore) The 
mobility's of marker proteins determined under identical conditions were plotted 
against the logarithm of molecular weights. The analysis of data indicated a linear 
relationship between logarithm of molecular weights (log M) and relative mobility 
(Rm) and the plot was used in calculating the molecular weights. 
2.2.11.2 Circular dichroism 
The CD results were expressed as Mean Residue EUipticity (MRE) in deg.cm^ 
dmol ' defined as: 
MRE = Gobs (mdeg)/10 x n x Cp x 1 
Where, 'Gobs' is the observed ellipticity in degrees, 'Cp' is the molar fraction, and '1' is 
the length of light path in cm. 
Secondary structure predictions were made using the equation: 
% helix= [(-MRE222-3000)/39000]*100 (Morrow et al, 2000) 
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of bovine beta-lactoglobulin 
RESULTS & DISCUSSION! 
Results & Discussion-I 
3.1 Purification and characterization of bovine BLG 
Beta-Lactoglobulin (BLG), a member of the lipocalin super family, is tlie 
dominant whey protein (Madureira et ai, 2007) first characterized in 1934 by Palmer 
(1934). In spite of lack of assignment of definite biological funcfion, the protein has 
been subjected to extensive studies for a variety of reasons. These include its potenfial 
role of BLG as a carrier of retinol and fatty acids (Liang et ai, 2008), as a causative 
protein of cow's milk allergy (Crittenden et ai, 2005), as an excellent source of 
branched chain and other essential amino acids (Madureira et ai, 2007) and a model 
protein with thoroughly studied three dimensional structure (Sawyer and Kontopidis, 
2000). Whey has been widely used as a source of BLG because of its ready availability 
in bulk quantities as a by-product of curd and cheese manufacture (Smithers et al, 
2008) and a number of procedures have been published on the BLG purification 
(Kinekawa and Kitabatake, 1996; Neyestani et ai, 2003; Lozano et ai, 2008). 
3.LI Purification of BLG 
We worked out a simple one step procedure for the purification BLG from 
bovine milk taking into consideration the ability of BLG to exist as a 18 kDa monomer 
at acid pH and the fractionation range of Bio-Gel PIO that could separate both large 
molecular weight proteins including casein and the a-LA with lower molecular weight. 
The schematic representation of the purification is shown in figure 3.1.1. Whey 
prepared as described in methods was loaded on a small Bio-Gel PIO column (2.3 cm x 
83 cm) equilibrated with 20 mM phophate buffer pH 3.0. The column was also eluted 
with the same buffer. A single run on the column yielded over 10 mg of BLG in about 
4.0 hours. This is significant since Bio-Gel PIO offers considerable scope for scale up. 
As shown in figure 3.1.2, the elution profile revealed, besides the small peak (peak 1) in 
the void volume, two fully resolved and distinct peaks (peaks 2 and 3) of comparable 
peak heights. On SDS-PAGE, the eluant in the first peak migrated as a heterogeneous 
mixture of several high and medium molecular weight polypeptides, presumably 
corresponding to caseins and other proteins known to occur in whey (Madureira et ai, 
2007). The second and third peaks migrated as compact single bands (Fig. 3.1.2. inset). 
ig. 3.1.1: A schematic representation of the steps involved in the purification 
ofBLG 
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Fig. 3.1.2: Purification of BLG from bovine whey 
Bovine milk whey was adjusted to pH 3.0 and loaded onto a Bio-Gel 
PIO column (2.3 cm x 83 cm) equilibrated with 20 mM phosphate 
buffer, pH 3.0 containing 18 mM NaCl. Elution of the column was 
performed with the same buffer and the fractions monitored at 280 nm. 
Inset: SDS-PAGE of eluants from the gel filtration column. 
Electrophoresis was performed using 15 % (w/v) acrylamide gel. Lane 
1, 2, 3 & 4 contain cow's milk whey (30 |ag), pooled void peak (peak 1) 
(20 fig), pooled peak 2 (20 (ig) and pooled peak 3 (10 |ug) samples, 
respectively. The gel was run according to the procedure of Laemmli 
(1970) and stained with CBB R-250 as described in the methods. 
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The Bio-Gel PIO column was calibrated using molecular weight marker proteins and 
the molecular weights of proteins that emerged in the peaks 2 and peak 3 were 
calculated to be -18 kDa and -14 kDa respectively (Fig 3.1.3 A, B). These values 
correspond to the molecular weights of bovine BLG and a-LA respectively. Figure 
3.1.4 (inset) shows SDS-PAGE of pooled peak 2 along with molecular weight markers 
and commercial BLG variants A and B. Similar to the commercial proteins, the 
molecular weight of the protein in peak 2 (Weber and Osborn, 1969) was 18.1 kDa (Fig 
3.1.4) substantiating the molecular weight values obtained from gel filtration data. The 
commercial BLG variants A and B migrated with mobilities that were indistinguishable 
from that of the purified BLG (Fig. 3.1.4, inset). 
Absence of additional bands in the gels that were loaded with 20 |ag purified 
BLG suggests homogeneity of the protein. The protein in the third peak also migrated 
as a sharp band (Fig. 3.1.2, inset lane 4) exactly corresponding in molecular weight to 
a-LA (Fig. 3.L3) indicating that a-LA is also purified simultaneously to homogeneity. 
As shown in the figure 3.1.5, the limit of detecfion of the Coomassie Blue staining lies, 
under the conditions used, between 0.1 and 1.0 |Lig of BLG. Since 20 jig protein was 
applied in the lane 3, we expect the purified BLG to be at least 95 percent pure. The 
faint slow migrating band visible in lanes loaded with >10 ug protein is apparently an 
aggregation product of BLG. It is well known that around neutral pH BLG aggregates 
in to dimers (Sawyer and Kontopidis, 2000). 
The slight asymmetry of the peak 2 (Fig. 3.1.2), in spite of the apparent 
homogeneity evident in the SDS gels is difficult to explain. One possibility is that a 
small population of BLG molecules in whey may be modified with sugars contributing 
small differences in molecular dimensions and behavior during gel filtration. The 
observation of Chevalier et al. (2001) that about 20 percent of free amino groups of 
BLG are unavailable for reacfion with orthophthalaldehyde, also suggests possibility of 
such modification. 
Gel filtration was performed using phosphate buffer, pH 3.0, since BLG is 
known to occur predominantly in monomeric form at this pH (Morgan et al, 1997). The 
exclusion limit of Bio-Gel PIO is 20 kDa. Hence, traces of caseins remaining in the 
whey and other higher molecular weight whey proteins like BSA (68 kDa), 
immunoglobulins, lactoferrin (77 kDa) and lactoperoxidase (80 kDa) were excluded 
from the gel column and emerged from the column in the void volume (Fig. 3.1.2, peak 
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Fig. 3.1.3: Molecular weight determination of gel filtration peaks 2 and 3. 
(A) Elution profiles of molecular weight standards and whey proteins 
emerging as peak 2 and 3 from a Bio-Gei PIO column (2.3 cm x 83 cm). 
Elution positions of molecular weight markers and peak 2 and 3 proteins 
have been shown. 
( ) Bovine beta-lactoglobulin. 
( ) Lysozvme, 
( .) Cytochrome c, 
( ) Insulin, 
( ) Whey proteins BLG and a-LA 
(B) Determination of molecular weight of peak 2 and 3 using the 
theoretical treatment of Andrews (1964) as detailed in method section 
Molecular weight marker contained Insulin (IN). 5 kDa; Cytochrome c 
(CC), 12 kDa; hsozyme (LY), 14.3 kDa and bovine beta-lactoglobulin 
(BG). 18 kDa. 
47 
0.5 
B 
a 
o 
90 
•N 0.3 
o 
e 
o 
Peak 2 (BLG) 
0.2 
0.0 
100 
Void Volume: 90 ml 
Bed Volume: 300 ml 
> 
O" 
o 
s 
n 
ON 
150 200 250 
Elution volume (ml) 
300 
9i 
s 
> 
I 
& 
s 
J . J -
3 -
2.5 • 
2 -
1.5 -
1 -
B 
IN 
\v 
\ . CC 
purifieda-LA - > \ LZ 
purified BLG ^ * BG 
T - • • • ! I -
0.6 0.8 1 1.2 
LogM 
1.4 
RESULTS & DISCUSSION! 
Fig, 3.1.4: SDS-PAGE of purified BLG and determination of molecular weiglit 
The procedure of Weber & Osborn (1969) was used for the calculation 
of molecular weight from the mobility of the pooled peak 2 fraction 
eluted from the Bio-Gel column in SDS gels run in presence of 5% (3-
mercaptoethanol. Molecular weight markers used were phosphorylase b 
(PB), 97.4 kDa; bovine serum albumin (BSA), 66 kDa; ovalbumin 
(OA), 43 kDa; carbonic anhydrase (CA), 29 kDa, soyabean trypsin 
inhibitor (STI), 20.1 kDa and lysozyme (LY), 14.3 kDa). 
Inset- SDS PAGE of BLG was performed using 12% (w/v) acrylamide 
gel according to the procedure of Laemmli (1970). Lanes 1, 2 and 3 
contain 20 |ig each of commercial BLG A, BLG B and peak 2 (BLG 
purified in this study) sample, respectively while lane M contains the 
molecular weight marker (Genei, medium range). The staining was 
performed with CBB R-250 as described in the methods. 
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Fig. 3.1.5: Sensitivity of CBB R-250 staining of BLG in reducing SDS-
polyacrylamide gels. 
(A) Purified BLG (0.1, 1.0, 3.0, 5.0, 10.0 and 20.0 i^ g) was loaded on the 
gel in the lanes 1-6, respectively and subjected to electrophoresis. 
Staining was performed with CBB R-250 as described in the methods. 
Fig. 3.1.6: A comparison of the migration behavior of purified BLG with 
commercial bovine BLG variants A and B on non-denaturing 
PAGE. 
Non-denaturing PAGE (15% w/v) and staining with CBB R-250 was 
performed as described in the methods. Lanes 1, 2 & 3 contain 20 \ig 
each of commercial BLG variants A, BLG variant B and purified BLG, 
respectively. Lane 4 contains 20 |ig of pooled peak 2 fractions eluted 
from the Bio-Gel column loaded with bovine milk whey mixed with 
commercial BLG A. 
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1), while the monomeric BLG and a-LA were resolved and emerged as separate peaks. 
While several variants of BLG from various mammals have been isolated, cow's milk 
contains predominantly the variants A or B. The BLG isoforms A and B differ only in 
two amino acid residues. BLG A has Asp at position 64, while in variant B it is 
substituted with Gly. In addition, Val 118 of variant A is replaced with Ala in the 
isoform B (Sawyer and Kontopidis, 2000). The difference in the molecular weights of 
the two variants is too small for resolution on SDS-PAGE, but the two differ slightly in 
electrophoretic mobility in the native gels. The Native PAGE profile of BLG purified 
by the procedure described above revealed a band migrating as the variant B (Fig. 
3.1.6). As discussed earlier aggregation of BLG preparation was evident in the native 
(non-SDS) gels. Interestingly predominance of B allele in the bovine milk in this part of 
the world is well known (Patel et al., 2007; Rachagani et al., 2006). In order to 
ascertain if the procedure described is also applicable in the purification of the variant 
A, when present, commercial bovine BLG A was added to the whey prior to gel 
filtration through the Bio-Gel column. When pooled peak 2 eluted from the column was 
subjected to native PAGE, band corresponding to both variant A and B was detectable 
in the gel (Fig 3.1.6, lane 4). This suggests that using the Bio-Gel PIO gel filtration 
procedure, both the major variants can be purified from other whey proteins. Additional 
procedures will however be required to resolve the variant mixture if desired. 
The procedure of BLG purification described was also useful in the 
purificafion of BLG from buffalo whey. Bio-Gel PIG chromatography of the buffalo 
whey also yielded well resolved two peaks, in addition to that in the void volume, 
which on SDS-PAGE exhibited migration behavior comparable to BLG and a- LA (Fig 
3.1.7). 
3.1.2 Characterization of the purified BLG 
In order to establish if the purified BLG B is indeed in native form, a 
comparison of its spectral properties with the commercial bovine BLG variant B was 
made. Almost identical absorption spectra (Fig. 3.1.8 A) were obtained with the 
purified and commercial BLG preparations showing an absorption maximum of 
~278nm. Intrinsic fluorescence study also showed maximum emission intensity at -331 
nm after excitation at 280 nm, both for commercial BLG B and the purified protein 
(Fig. 3.1.8 B). These observations suggest that the native conformation of BLG is 
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Fig. 3.1.7: SDS-PAGE of pooled peaks 1, 2 and 3 emerging from the Bio-Gel 
PIO column loaded with buffalo milk whey. 
Electrophoresis was performed using 15 % (w/v) acrylamide gel. Lane 
1, 2, 3 & 4 contain buffalo whey pooled peaks I, 2 (20 |ig), and 3 (10 
|ig) respectively. 
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Fig. 3.1.8: A comparison of absorption (A), fluorescence (B) and far UV-CD 
spectra of purified and commercial BLG. 
Absorption (A), fluorescence (B) and UV -CD (C) spectral properties of 
BLG purified using the procedure described and commercial protein. 
The proteins were dissohed in 10 mM Tns HCl, pH 7.0. Absorption 
measurements were taken between 230-310 nm (protein concentration; 
0.35 mg mL "'). For fluorescence measurements^ the samples (0.1 mg 
mL "') were excited at 280 nm and emission measured between 300-450 
nm. Samples (0.2 mg mL'') were scanned between 190-250 nm for far 
the UV-CD spectra. 
( ) commercial BLG B 
( ) purified BLG 
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RESULTS & DISCUSSION-1 
retained during the purification. Far-UV CD spectrum (Fig. 3.1.8 C) of the purified 
protein with a maximum near 216 nm. similar to the commercial BLG B, indicates that 
the former contains predominantly native like P-sheet structure (Papiz et al., 1986). 
Retention of the native conformation by the BLG during gel filtration at pH 
3.0 was anticipated in view of the well known stability of protein at acid pH (Kella and 
Kinsella, 1988). It is because of its stability in acid pH that BLG is considered a 
potential carrier of fat soluble vitamins that bind to the native protein (Ragona et ai, 
2002). Strategies that minimally affect the native structure of BLG during purification 
have also received attention in the past (Ye et ciL, 2000; Neyestani et al., 2003). The 
two step procedure of BLG purification described more recently by Lozano et al. 
(2008) also yields the homogenous protein in native form, but compared to the present 
procedure it is more time consuming. 
Antigenicity of the purified protein was also examined by Western blot 
analysis using the anti-BLG antibodies raised in rabbits against the purified protein 
(Fig. 3.1.9). The observed cross reactivity of the antibodies, also with commercial BLG 
A and B variants suggested the preservation of the antigenicity of the purified BLG 
presumably due to retention of native three dimensional structure. It also supports the 
earlier observations that BLG variants A and B share common epitopes and remarkable 
similarities in the conformation and 3-D structure as observed by several investigators 
(Monaco et al., 1987; Dong et al., 1996). Absence of immuno-staining at positions 
other than that of BLG in the lane containing the purified protein also supports the 
homogeneity of the BLG purified from cow's milk in this study. 
As mentioned already, the marked differences between the molecular 
dimensions of BLG existing as monomer at acid pH and other whey proteins were 
exploited for the purification of the former in homogenous form by gel filtration 
through a Bio-Gel PIO column. Spectral and immunological studies suggest that the 
purified protein is almost indistinguishable from the Sigma bovine BLG variant B. The 
purificafion procedure also offers the attractive possibility of simultaneously purifying 
the second major whey protein a-LA and could be readily adapted for the purification 
of buffalo whey BLG. We have not however characterized the purified a-LA and 
further studies are needed to establish if the purified a-LA is in indeed nafive state 
especially considering the low pH conditions used in the experiment (Bramaud et al., 
1995). 
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Fig. 3.1.9: Western blot analysis of the purified BLG 
Rabbits were immunized with purified BLG and the IgG purified as 
described in the text. Details of SDS-PAGE, blotting on nitrocellulose 
membrane, and staining with HRP-conjugated secondary antibody were 
performed as described in Methods. Lane 1 contains the purified BLG, 
lane 2 commercial BLG A and lane 3 commercial BLG B. 
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Bio-Gel PIO beads are rigidancness compressible due to high level of cross-
linking of the polyacrylamide gel. This together with their remarkable resistance to acid 
(Bio-Gel P, Polyacrylamide gel, Instruction Manual, Bio-Rad, CA), suggests the 
possibility of scaling up of the purification procedure. Moreover, Bio-Gel P gel is 
autoclavable and packed columns of Bio-Gel P gel can be stored indefinitely if 
maintained at neutral pH in the presence of a bacteriostat such as 0.02% sodium azide at 
4°C. 
A simple strategy that yields good amount of purified BLG conveniently may 
contribute significantly in the study of the protein which, in spite of lack of an 
established physiological role, has been ascribed several interesting functions including 
those in the development of passive immunity (Sutton and Alston-Mills, 2006) and 
even protection against cancer (Mcintosh et al, 1995). In addition several bioactivities 
have been linked with the peptides derived from BLG. These include angiotensin-I-
converting enzyme inhibition as well as antihypertensive, antioxidant, antimicrobial, 
opiod and hypocholesterolemic activities (Hernander-Ledesma et al, 2008). As has 
already been pointed out, nutritional value of BLG is well recognized and the protein 
has several actual and potential uses in modern foods and beverages dietary 
supplements, functional food and pharmaceutical preparations. To conclude, ready 
availability of adequate quantities of pure BLG may further the investigations on 
bioactivities of the component peptides of the protein. 
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3.2 Effect of heating with sugars on BLG variants A and B 
3.2.1 Effect of heating at 50° C and 60° C 
Temperature is among the most important factors that affects the Maillard 
reaction (Morgan et ah, 1999). Glycation of BLG variants A and B was thus monitored 
over a range of temperature in aqueous solution at neutral pH using sugar/protein ratio 
of 1000:1. Glycoconjugates were prepared by incubating the proteins at 50° C and 60° 
C with ribose, fructose, glucose or lactose. The characterization of glycoconjugates was 
made using a number of analytical techniques like CD, fluorescence and PAGE. BLG 
not subjected to incubation is referred to as 'native', while that heated under the 
conditions used in absence of sugar constituted sugars the 'control'. 
3.2.1.1 Modification of amino groups 
The quantity of the modified amino groups and glycation degree were deduced 
from the OPA assay (Church et ai, 1983) (Fig. 3.2.1). The measuring principle is based 
on the formation of l-alkylthio-2-alkyl isoindoles generated by the reaction of amino 
groups with ortho-phthaldialdehyde in the presence of a thiol; the produced compound 
possesses maximum absorbance at 340 nm. Since no amino groups were modified in 
the native proteins, all results are reported relative to 100% of amino groups of the 
native protein. 
The BLG contains 16 potential reactive primary amino groups including one a-
amino and 15 £-amino groups of lysine residues (Chevalier ef ai, 2001). On an average 
4.6, 3.3, 3.2 and 2.0 NH2 groups of BLG A, and 5.6, 4.7, 3.7 and 2.1 NH2 groups of 
BLG B were modified in the presence of ribose, fructose, glucose and lactose 
respectively after three days of incubation at 50° C (Fig. 3.2.1, Table 3.2.1). When 
BLG was heated with lactose at 60° C for 24 hrs, only 1.3 and 2.7 NH2 groups were 
modified in BLG A and B, respectively (Table 3.2.1). Thus, it was observed that the 
susceptibility of the amino groups of BLG B to reaction with sugars was higher than 
that of BLG A, both at 50° C and 60° C. 
Among the four sugars used, ribose induced the highest degree of modification 
followed by fructose and glucose, while lactose was least reactive as also reported 
earlier (Nacka et al., 1998; Chevalier et ai. 2001). It is well known that ability of 
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Fig. 3.2.1: Available amino groups of BLG variants A and B heated at 50° C and 
60° C 
BLG variants were mixed with the desired amount of sugars (R=Ribose, 
F=Fructose, G=Glucose, L=Lactose) in 1:1000 ratio and incubated at 50° C 
and 60° C for various time periods as described under methods. All the 
amino groups of native proteins were available and considered 100% for 
calculation of extent of modification. Each bar represents the mean of three 
experiments carried out in triplicate and SD \'alues have been indicated. 
( OBLGA (•^BLGB 
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Table 3.2.1 Available amino groups'* of BLG variants A and B subjected to 
heating with various sugars at 50° C and 60° C 
•/oGlycation'' "/oGIycatfon** 
BLG A BLG B Treatment 
None 
Ribose 3 days. 50° C 
Fructose 3 days. 50° C 
Glucose 3 days, 50° C 
Lactose 3 days. 50° C 
Lactose 24 hrs, 60° C 
0 
4.6 
3.3 
3.2 
2.0 
L3 
0 
5.6 
4.7 
3.7 
2.1 
2.7 
* Available amino groups were quantified by the method of Church er al. (1983) 
as detailed in methods. 
'^ach value represents the mean of at least three mdependent expenments performed m 
duplicate. 
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reducing sugars to react with proteins increases with rates of their undergoing 
mutarotation and decreases with the sugar size (Nacka et al., 1998). Shorter the carbon 
chain of the sugar, greater is the fraction of the molecules that exist in open chain forms 
and more reactive is the sugar with proteins (Chevalier et al., 2001). 
3.2.1.2 Effect on spectral properties 
3.2.1.2.1 Near UV-CD 
The near-UV CD signal is due to the chirality of the environment of the side 
chain of aromatic amino acids such as tryptophan, tyrosine and phenylalanine, as well 
as of disulfide bonds. A characteristic near UV-CD profile was observed in the case of 
native BLG A (Fig. 3.2.2) and BLG B (Fig. 3.2.3). The two minima observed at about 
262 nm and 269 nm in near-UV CD spectrum are due to phenylalanyl residues and the 
two characteristic deep minima at 286 and 293 nm involve tryptophanyl residues of 
proteins, the latter in case of BLG, are attributed to Trpl9 (Manderson et al., 1999). On 
heating BLG at 50° C for 3 days, a small alteration in the near UV-CD profile of the 
two variants was observed (Fig. 3.2.2, 3.2.3). BLG A and B samples heated with 
glucose (Fig. 3.2.2 D, 3.2.3 D) and lactose (Fig. 3.2.2 E, 3.2.3 E) showed comparable 
profiles in the near UV region with native and protein heated in the absence of sugar. 
This suggests that the glycation with the sugars did not modify the environment of 
Trpl9 residue and that only surface lysyl residues of BLG are modified by moderate 
glycosylafion. The CD spectra of BLG modified with ribose (Fig. 3.2.2 B, 3.2.3 B) and 
fructose (Fig. 3.2.2 C, 3.2.3 C) were not interpretable because of the total loss of 
information in the near UV region. The profiles obtained could be explained either by a 
total disappearance of the tertiary structure in the glycated proteins and/or by the 
possible interference by the chromophores resulting from the Maillard reaction. The 
complete destruction of tertiary structure may expose lysyl residues buried inside the 
molecule making them available for reaction with the sugar. The behaviour of the two 
variants in this study was similar.. 
CD spectra of BLG molecules exposed to 60° C suggest that, the tertiary 
structure of BLG heated even without sugar was modified to a small extent and the 
alteration was enhanced in the presence of lactose (Fig. 3.2.4). Also, the loss in tertiary 
structure was more prominent in case of BLG B (Fig. 3.2.4 B) than for variant A (Fig. 
3.2.4 A), when the proteins were heated in the presence of lactose. 
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Fig. 3.2.2: Effect of heating with sugars at 50° C on near UV-CD spectrum of 
BLG variant A 
ULiVj vaiioiii / \ uibbuivcu iii l u i i im piiuspiiaic uu i ic i . p i l / .u v\iiii u.uz./o 
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Fig. 3.2.3: Effect of heating with sugars at 50" C on near UV-CD spectrum of 
BLG variant B 
BLG variant B dissolved in 10 mM phosphate buffer pH 7.0 with 0.02% 
sodium a/ide was subjected to glycation at 50° C with various sugars for 3 
days Sugar/protein molar ratio used was 1000:1 BLG B was heated with no 
sugar (A), ribose (B), fructose (C), glucose (D) and lactose (E) 
( )BLGB-Native 
{ ) BLG B incubated with or without sugars at 50° C 
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Fig. 3.2.4: Effect of heating with sugars at 60° C on near UV-CD spectra of BLG 
variants A and B 
BLG variants A and B dissolved in 10 mM phosphate buffer, pH 7.0 with 
0.02% sodium azide were subjected to glycation at 60° C with lactose for 
24 hrs. Sugar/protein molar ratio used was 1000:1. 
Panel A: BLG A ( ) Native, ( - - -) Control, ( ) with lactose 
Panel B: BLG B ( ) Native, ( - - ^ Control, ( •) with lactose 
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3.2.1.2.2 Far UV-CD 
Far-UV CD signals arise from the peptide bonds absorption and reflect the 
secondary structure of proteins. BLG shows a negative minimum at 216 nm 
characteristic of p-sheet proteins (Dong et al, 1996). A slight increase in the intensity 
of the negative signal was seen in case of BLG A (Fig. 3.2.5 A) and B (Fig. 3.2.6 A) 
samples heated at 50° C in the absence of sugars but no global secondary structural 
disorganization was observed, implying that BLG has retained its secondary structure. 
Contrary to previous reports (Chevalier et al, 2002), BLG heated with lactose 
at 60° C showed a clear shifting of negative maxima at 216 nm to 208 nm. This 
suggests unfolding of P-sheet elements into random coil, both of BLG A (Fig. 3.2.7 A) 
and B (Fig. 3.2.7 B). 
3.2.1.2.3 Intrinsic fluorescence 
Trp fluorescence studies of the BLG variants showed maximum emission 
intensity around 332 nm, representative of a folded conformation and upon heating 
sugars at 50° C, both the emission maxima and intensity were not altered (Fig. 3.2.8, 
3.2.9). However, the intensity of fluorescence was reduced in the presence of sugars 
without affecting emission maxima and the reduction was proportional to the degree of 
glycation (table 3.2.1). BLG A glycated with ribose (Fig. 3.2.8 B) and fructose (Fig. 
3.2.8 C) showed more decrease in fluorescence intensity than the samples glycated with 
glucose (Fig. 3.2.8 D) and lactose (Fig. 3.2.8 E). The latter sugars showed profiles 
comparable to native and control samples (Fig. 3.2.8 A). BLG B on the other hand, 
showed more marked decrease in fluorescence intensities upon glycation with all the 
sugars than BLG A but the decrease was most prominent in samples glycated with 
ribose (Fig. 3.2.9 B) and fructose (Fig. 3.2.9 C). The observed decrease in the intrinsic 
fluorescence may be attributed to the exposure of tryptophan residues to polar solvent 
molecules that collide with fluorophores and consume the fluorescence energy. 
Both BLG A (Fig. 3.2.10 A) and BLG B (Fig. 3.2.10 B) glycated with lactose at 
60° C exhibited a slight red shift in the emission maxima, in addition to the decrease in 
fluorescence intensity. The result suggests a change in conformation of both BLG 
variants upon glycation at the temperature used and consequently a changed 
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Fig. 3.2.5: Effect of heating with sugars at 50° C on far UV-CD spectrum of BLG 
variant A 
BLG variant A dissolved in 10 mM phosphate buffer. pH 7.0 with 0.02% 
sodium azide was subjected to ghcation at 50° C with various sugars for 3 
days Sugar/protein molar ratio used was 1000:1.BLG A was heated with no 
sugar (A), ribose (B), fructose (C), glucose (D) and lactose (E). 
( ) BLG A-Native 
( ) BLG A incubated with or without sugars at 50° C 
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Fig. 3.2.6: Effect of heating with sugars at 50° C on far UV-CD spectrum of BLG 
variant B 
BLG variant B dissolved in 10 mM phosphate bufler. pH 7,0 with 0.02% 
sodium azide was subjected to glycation at 50° C with various sugars for 3 
days Sugar/protein molar ratio used was 1000:1.BLG B was heated with no 
sugar (A), ribose (B). fructose (C), glucose (D) and lactose (E). 
( ) BLG B-Native 
( ) BLG B incubated with or without sugars at 50° C 
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Fig. 3.2.7: Effect of heating with sugars at 60° C on far UV-CD spectra of BLG 
variants A and B 
BLG \ariants A and B dissolved in 10 mM phosphate buffer, pH 7,0 with 
0.02% sodium azide were subjected to glycation at 60° C with lactose for 
24 hrs. Sugar/protein molar ratio used was 1000:1. 
Panel A: BLG A ( ) Native, (- - -) Control, (• ) with lactose 
Panel B: BLG B ( ) Native, ( ) Control, (• ) with lactose 
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Fig. 3.2.8: Effect of heating with sugars at 50° C on intrinsic fluorescence 
spectiiim of BLG variant A 
BLG variant A dissolved m 10 mM phosphate buffer, pH 7.0 with 0.02% 
sodium azide was subjected to glycation at 50° C with \'arious sugars for 3 
days Sugar/protem molar ratio used was 1000:1.BLG A was heated with no 
sugar (A), ribose (B), fructose (C), glucose (D) and lactose (E). 
( ) BLG A-Native 
( ) BLG A incubated with or without sugars at 50° C 
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Fig. 3.2.9: Effect of heating with sugars at 50° C on intrinsic fluorescence 
spectrum of BLG variant B 
BLG variant B dissolved in 10 mM phosphate buffer, pH 7.0 with 
0.02% sodium azide was subjected to glycation at 50° C with various 
sugars for 3 days Sugar/protein molar ratio used was 1000:1.BLG B was 
heated with no sugar (A), ribose (B), fructose (C). glucose (D) and 
lactose (E). 
( ^)BLGB-Native 
4- — ) BLG B incubated with or without sugars at 50° C 
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Fig. 3.2.10: Effect of heating with sugars at 60° C on intrinsic fluorescence 
spectra of BLG variants A and B 
BLG \ariants A and B dissolved in 10 mM phosphate buffer, pH 7,0 with 
0.02% sodium azide were subjected to glycation at 60° C with lactose for 
24 hrs. Sugar/protein molar ratio used was 1000:1, 
Panel A: BLG A ( ) Native, ( ) Control (• ) with lactose 
Panel B: BLG B { ) Native, ( ) Control, ( ) with lactose 
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microenvironment of the Trp residues. This result is in good agreement with the near 
UV-CD data as discussed eariier. As observed from near UV-CD profiles, the decrease 
in the intrinsic fluorescence intensity was more marked for BLG B samples than for 
BLG A. It is known that the two amino acid substitutions (Asp64 in A to Gly64 in B 
and Vail 18 in A to AlallS in B). results in destabilization of the core of BLG B 
molecules (Sawyer and Kontopidis, 2000). This inherent characteristic of the variant B 
might contribute towards higher thermo-lability and also towards its greater 
susceptibility towards conformational changes upon attachment of sugar moieties, 
compared to the variant A. 
3.2.1.2.4 ANS fluorescence 
The results of ANS fluorescence of native and BLG glycated with lactose at 
60° C are shown in figure 3.2.11 A and B for BLG variant A and B, respectively. A 
marked increase in the ANS fluorescence intensity at 480 nm was observed in control 
and glycated samples but the increase was more pronounced in the presence of lactose. 
An increase in the ANS binding sites upon heating of BLG in 20-80° C range has also 
been shown by lametti et al. (1995). Such changes indicate that BLG had swollen 
during the treatment with sugar and produced newly exposed hydrophobic patches on 
its surface. Also, conformational changes in the protein induced in the presence of 
sugars as discussed in near UV-CD, far UV-CD and intrinsic fluorescence sections may 
have contributed to the exposure of new hydrophobic patches on the surface of the 
protein. The increase in ANS binding was again more pronounced for BLG B than for 
BLG A. 
3.2.1.2.5 New fluorescence 
BLG variants A and B glycated with various sugars at 50° C (Fig. 3.2.12, 
3.2.13) and 60° C (Fig. 3.2.14 A) exhibited an additional fluorescence peak, which was 
broad and centered at excitation wavelength of 350 nm and emission wave length of 
420 nm compared to native proteins. This additional fluorescence peak may be 
attributed to the AGE-products (Narayan Murthy and Sun. 2000; Fatima et al, 2008). 
This fluorescence intensity can be used as a quantitative measure of the content of 
Maillard products (Miyazawa et al, 1998). At 50° C the observed new fluorescence 
was more pronounced for ribosylated proteins (Fig. 3.2.12 B. 3.2.13 B). followed by 
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Fig. 3.2.11: Effect of heating with sugars at 60*' C on ANS fluorescence 
spectra of BLG valiants A and B 
BLG variants A and B dissolved in 10 mM phosphate buffer, pH 7.0 with 
0.02% sodium azide were subjected to glycation at 60° C with lactose for 
24hrs Sugar/protein molar ratio used was 1000 1 
Panel A: BLG A ( ) Native, ( ) Control (• ) with lactose 
Pane! B: BLG B ( ) Native, ( ) ControL ( ) with lactose 
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Fig. 3.2.12: Effect of heating with sugars at 50° C on new fluorescence spectrum of 
BLG variant A. 
BLG \mm{ A dissolved m 10 mM phosphate buffer, pH 7.0 with 0.02% 
sodium a/ide was subjected to glycation at 50° C with various sugars for 3 
days Sugar/protein molar ratio used was 1000:1.BLG A was heated with no 
sugar (A), nbose (B), fructose (C), glucose (D) and lactose (E). 
( ) BLG A-Native 
( ) BLG A incubated with or without sugars at 50° C 
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Fig. 3.2.13: Effect of heating with sugars at 50° C on new fluorescence spectrum 
ofBLGvanantB 
BLG variant B dissolved in 10 mM phosphate buffer. pH 7.0 with 0.02% 
sodium azide was subjected to ghcation at 50° C with various sugars for 
3 days Sugar/protein molar ratio used was 1000 1 BI,G B was heated with 
no sugar (AX ribose (BX fructose (CY glucose (D) and lactose (E). 
( )BLGB-Native 
( ) BLG B incubated wth or without suaars at 50° C 
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Fig. 3.2.14: Effect of heating with sugars at 60° C on new fluorescence 
spectra of BLG variants A and B 
BLG vanants A and B dissolved m 10 mM phosphate buffer, pH 7.0 with 
0.02% sodium azide were subjected to glycation at 60° C with lactose for 
24 hrs. Sugar/protem molar ratio used was 1000. i, 
Panel A. BLG A ( ) Native, ( ) Control, ( ) with lactose 
Panel B: BLG B ( ) Native, ( ) Control, ( ) with lactose 
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fructosylated protein samples (Fig. 3.2.12 C, 3.2.13 C). The intensity of new AGE 
fluorescence was much lower for glucosylated (Fig. 3.2.12 D, 3.2.13 D) and 
lactosylated (Fig. 3.2.12 E, 3.2.13 E) protein samples. Thus the new fluorescence 
detected in glycated samples appears to be related both to the type or extent of Maillard 
product generated which in turn is related to the nature of sugar (table 3.2.1). 
3.2.1.3 Polyacrylamide gel electrophoresis 
On reducing SDS-PAGE, bands of BLG A (Fig. 3.2.15 A) and BLG B (Fig. 
3.2.15 B) exposed to various sugars at 50*^  C appear diffused because of possible 
heterogeneity of molecular mass of glycated proteins as also observed earlier (Morgan 
et al., 1999; Nacka et al., 1998). The bands appeared more diffused in case of samples 
incubated with ribose and fructose than those with glucose and lactose. On non-
denaturing PAGE, the mobility of the BLG A (Fig. 3.2.15 C) and BLG B (Fig. 3.2.15 
D) incubated with sugars towards anode was enhanced and both protein aggregation 
and band diffusion was evident. As mentioned earlier, a loss in the sharpness of bands 
may arise because of heterogeneity of molecular mass of proteins as a result of reaction 
with sugars. The increased mobility of glycated protein towards the anode has been 
attributed to a decrease in the positive charge resulting from the attachment of sugar 
residues to the amino groups of the proteins (Handa and Kuroda, 1999). Also, the 
increase in the net negative charge of glycated proteins may occur from p-elimination 
and enolization of the a-hydroxy carbonyl group of the sugar moiety of the Amadori 
products under the alkaline conditions of PAGE, to form an enolate anion (Miksik and 
Deyl, 1997). 
On reducing SDS-PAGE (Fig. 3.2.16 A), BLG A and B samples heated with 
lactose at 60° C showed migration comparable to the native protein and that heated in 
the absence of sugar. However, the increase in molecular mass of the BLG variants 
upon lactose attachment could not be discerned from the electrophoretic mobility under 
reducing conditions. On non-reducing SDS-PAGE, bands corresponding mainly to 
dimers and trimers appeared in samples of both BLG variants heated in absence or 
presence of lactose (Fig. 3.2.16 B). At the same time, aggregates that were too large to 
enter the gels were seen especially in the BLG B samples. Oligomerisation of BLG 
molecule upon heating is well known and occurs mainly by disulfide exchange in 
which the free Cysl21 plays an important role (lametti et al., 1995). Maillard reaction 
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Fig.3.2.15: Polyacrylamide gel electrophoresis of the BLG variants heated with 
various sugars at 50° C. 
Gel electrophoresis of BLG variants heated in the absence and presence 
of ribose. fructose, glucose and lactose was performed at 50° C for 3 
days at pH 7.0 on a 15% gel. The gels were run according to the 
procedure of Laemmli (1970) and staining was done with CBB R-250. 
20 i^g or 35 \xg protein was loaded in each well. 
Panel A & B: Reducing SDS-PAGE of BLG A and B, respectively. 
Panel C «& D: Non-denaturing PAGE BLG A and B, respectively. 
76 
kDa 
97.4 
66 
45 
29 
20.1 
14.3 
~ « ^ 
mmmm 
^TW^ 
'""'' g^f^^'-fjit 
\^ 1 
A 
4—Dimers 
-4—Monomers 
o 
< 
U 
3 
I 
o 
. J 
CD 
< 
o 
^ CQ 
< 
o 1-1 
BQ 
kDa 
Trimers 
Dimers 
Monomers 
< 
a 
oa 
1 1 ^ ^ 
o 
ce 
s 
u 
I 
o 
o u 
s 
. J 
CO 
u 
a 
- J 
I 
< 
O 
.J 
ea 
B 
O 
u . 
.J 
z 
oa 
I I » » 
aa 
O 
.J 
so O 
o 
u 
s 
a 
I 
aa 
a 
oa 
u 
«' 
u 
.J 
PQ 
o 
u 
o 
U 
O 
n 
RESULTS & DISCUSSION-II 
-8H6 u 
'^'«t,^ 
.•^i 
Fig.3.2.16: Polyacrylamide gel electrophoresis of the BLG variants heated with 
sugars at 60° C. 
Gel electrophoresis of BLG variants heated in the absence and presence 
of lactose at 60° C for 24 hrs at pH 7.0 was performed on 15% gel. 
Lanes 1-6 contain native BLG A, control BLG A, BLG A heated with 
lactose, native BLG B, control BLG B and BLG B heated with lactose, 
respectively. Lane M contains molecular weight markers as described 
previously. 20, 30 or 10 )ig protein was loaded in each well. 
Panel A, B, C: Reducing SDS-PAGE, non-reducing SDS-PAGE and 
non-denaturing PAGE 
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is also known to cause protein cross-links (Miller and Gerrard, 2005). Figure 3.2.16 C 
shows that migration behaviour under non-denaturing conditions of BLG variants 
heated with sugars is comparable with the controls. 
Gel electrophoresis of glycated protein samples performed either in the presence 
or in the absence of SDS provides information about cross-linking/polymerization of 
proteins during incubation. Cross-linked proteins are larger in dimension and hence, 
have lower electrophoretic mobility than non-cross-linked protein species (Morgan et 
ai, 1999). In the presence of SDS, the average molecular weight of cross-
linked/oligomerized protein species can be estimated while in the absence of SDS, 
PAGE can be used to reveal changes in the charge properties of the glycated proteins 
(Miksik and Deyl, 1997). 
3.2.2 Effect of exposure of BLG variants A and B to high temperatures in 
absence or presence of some sugars 
3.2.2.1 Migration behaviour in SDS-polyacrylamide gels 
In the first set of experiments, BLG variants A and B were heated either at 65° 
C or 85° C for 20 min in absence or presence of the highly reactive aldopentose ribose 
and the less reactive disaccharide occurring in milk lactose (Chevalier et al., 2001). 
SDS-PAGE profiles of the control and heated samples are shown in figure 3.2.17. 
Non-reducing SDS-PAGE of BLG A (Fig. 3.2.17 A) and B (Fig 3.2.17 B) 
heated at 65° C for 20 minutes revealed moderate aggregation, as evident from the 
appearance of some higher molecular weight bands. Heating of the samples to 85° C 
however, resuhed in a striking increase in aggregation indicated by the appearance of 
increased number of such bands corresponding to dimers, trimers and higher oligomers. 
Clearly the oligomerization/aggregation was more marked in case of BLG variant B 
(Fig. 3.2.17 B) as evident from the larger number of faint bands occupying nearly all 
the area below the top of gel. The observed aggregation of the BLG variants in 
response to heating in presence or absence of sugar was primarily disulfide mediated, 
since SDS-PAGE performed in presence of P-mercaptoethanol gave a single prominent 
band corresponding to the monomer (Fig. 3.2.17 C, 3.2.17 D). Faint bands 
corresponding to higher molecular weight BLG molecules are evident in all lanes 
including those of native and control samples probably represent small fractions of the 
variants recalcitrant to the thiol-reductant. However, in case of the variants A and B 
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Fig. 3.2.17: Polyacrylamide gel electrophoresis of BLG variants A and B heated 
with sugars at 65° C and 85° C. 
SDS-PAGE of BLG A and B heated with and whhout lactose and ribose at 
65° C and 85° C for 20 min at pH 7.0 was performed as detailed earlier 
using 15% gels. 35 |agm of protein was loaded in each well. 
Panel A «& B: Non-reducing SDS-PAGE of BLG A and B, respectively. 
Panel C & D: Reducing SDS-PAGE of BLG A and B, respectively. 
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heated in presence of ribose, significant fraction of tlie dimer remained in gels run in 
presence of p-mercaptoethanol, suggesting an association of the monomers not 
mediated by the disulfides. That the high reactivity of sugars such as ribose with 
proteins leads to the formation of AGEs, some of which induce protein cross-links is 
well recognized (Miller and Gerrard, 2005). Heating of the BLG variants apparently 
leads mainly to the formation of disulfide stabilized aggregates. The free thiol (Cysl21) 
group of BLG is known to participate in the aggregation of the protein, especially at 
high temperatures (Qin et al, 1998). 
The next set of experiments was carried out with the more reactive ribose. 
Extension of incubation time of BLG with the sugar at 65° C or 85° C did not resuh in 
additional qualitative alteration in the electrophoretic behaviour of either variant of 
BLG. Figure 3.2.18 and 3.2.19 show that extension in incubation time at 65° C or 85° 
C of the BLG variants A or B in presence or absence of ribose lead to an enhancement 
in the formation of dimers and to small extent the higher oligomers. The relatively 
higher susceptibility of the variant B to the heat-induced aggregation is also supported 
from the study. Although, no marked increase was observed in the formation of non-
disulfide linked dimers in case of either of the variants at 65° C (Fig. 3.2.18 C, 3.2.18 
D), at 85° C a remarkable increase in non-disulfide linked dimers was observed in case 
of both the variant and A (Fig. 3.2.19 C) and B (Fig. 3.2.19 D). The increase was 
somewhat more marked in case of the latter. The Rayleigh scattering data (Fig. 3.2.20) 
of the samples heated at 85° C provide more convincing evidence of the higher 
susceptibility of the variant B towards aggregation in the absence and presence of 
sugars. As shown the FI measured at 350 nm increased when either of the BLG variants 
was heated but the increase was more marked when lactose and more significantly 
ribose were present at the time of heating. In these experiments also the increase was 
more marked in case of the variant B. 
Figure 3.2.21 depicts the extent of modification of amino groups of BLG 
variants heated in presence of the sugars, as determined using OPA assay (Church et 
al, 1983). Relatively small fraction (approximately 1.0) of the total amino groups in 
BLG were modified when the proteins were treated with lactose, while ribose treatment 
at 85° C resulted in the modification of about four amino groups (table 3.2.2). The 
result is in accordance to earlier reports on the reactivities of the sugars used (Chevalier 
et al. 2001). There was no significant difference between the variants A and B in 
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Fig. 3.2.18: Polyacrj lamide gel electrophoresis of BLG variants A and B heated 
with sugars at 65° C. 
SDS-PAGE (12%) of BLG A and B heated with and without ribose at 65° 
C for 20 min and 1 hr at pH 7.0. 35 |ig of protein was loaded in each well. 
Panel A i& B: Non-reducing SDS-PAGE of BLG A and B, respectively. 
Panel C & D: Reducing SDS-PAGE of BLG A and B, respectively. 
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Fig. 3.2.19: Polyacrylamide gel electrophoresis of BLG variants A and B heated 
with sugars at 85° C. 
SDS-PAGE (12%) of BLG A & B heated with and without ribose at 85° 
C for 20 min and 1 hr at pH 7.0. 35 [ig of protein was loaded in each well. 
Panel A & B: Non-reducing SDS-PAGE of BLG A and B, respectively. 
Panel C «& D: Reducing SDS-PAGE of BLG A and B, respectively. 
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Fig. 3.2.20: Effect of heating with sugars on RLS of the BLG variants 
Rayleigh scattering data of BLG variants heated with and without sugars 
at 85° C for 20 min is shown. 
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Table 3.2.2 Available amino groups'* of BLG variants A and B subjected to 
heating with various sugars at 65° C and 85° C 
„ , ^ "/oGlvcation" •/oGIvcation" 
None 
Lactose 20 min. 65° C 
Ribose 20 min, 65° C 
Lactose 20 min, 85° C 
Ribose 20 mm, 85° C 
Ribose 1 hr. 85° C 
0 
6.3 
8.6 
7.6 
13.0 
22.4 
0 
7.1 
9.3 
8.9 
14.7 
29.1 
^Available amino groups were quantified by the method of Church et al. (1983) as 
detailed in methods. 
Each value represents the mean of at least three independent experiments performed in 
duplicate. 
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Fig. 3.2.21: Available amino groups of BLG variants A and B heated at 65° C and 
85° C 
Protein soJutJons « ere mixed with sugars (R=Ribose L=Lactose) in moJar 
ratio 1:1000 and incubated at different temperatures (65° C. 85° C) for 
\arious time periods as indicated. '^Vli the amino groups of native proteins 
were availabie and considered 100% for calculation of extent of 
modification. Each bar represents the mean of three expenments earned 
out in iripiicaie and SD values have been indicated. 
( • )BLGA ( • )BLGB 
85 
Native BLG 
BLG-I. 20 min, 65° C 
BLG-R 20 min, 65° C 
BLG-L 20 min, 85° C 
BLG-R 20 min, 85° C 
BLG-R 1 hr, 85° C 
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susceptibility to modification by sugars although the latter appeared modified to a 
slightly higher extent. 
Hence, it can be said that appearance of high molecular weight species (dimers, 
trimers. tetramers etc.) was more pronounced at 85° C than at 65° C and for the variant 
B compared to variant A at both temperatures. This corresponds well with the Rayleigh 
scattering data as well as with the slightly higher extent of glycation observed in variant 
B from the OPA assay. The variation between amino acid sequence between the 
variants A and B is restricted to position 64 (Asp64-Gly) in a mobile surface loop and 
position 118 (Valll8-Ala) in the hydrophobic core. The observed difference between 
the thermal behaviour between the variants may thus result from higher destabilisation 
of the core of the variant B relative to that of A because of the cavity formed by the loss 
of the two methyl groups in the later and hence to lowered hydrophobicity (Sawyer and 
Kontopidis, 2000). 
3.2.2.2 Effects on Conformation 
Conformational alterations in the BLG variants subjected to high temperatures 
in presence or absence of lactose and ribose were monitored using far UV-CD and 
intrinsic fluorescence. BLG is a predominantly P-sheet protein (Dong et al., 1996) and 
has a characteristic negative minima at 216 nm. It can be seen from far UV-CD data of 
variant A (Fig 3.2.22 A) and variant B (Fig 3.2.22 B) that heating of either with or 
without sugars resulted in a moderate enhancement of CD signals at -208 nm 
suggesting a destabilising effect on the protein's secondary structure and transition 
from the p-sheet structure to random coil (Prabhakaran and Damodaran, 1997) by 
sugars in the order: 
Heated Controk BLG Lactose< BLG Ribose. 
Heating of the BLG A and B in the presence of sugars also brought about 
alterations in the intrinsic fluorescence (Fig. 3.2.22 C, 3.2.22 D). A small red shift (~2-
3 nm) accompanied by increase in fluorescence intensity was observed when the 
variants heated without sugars were excited at 280 nm. The increase in FI suggests 
exposure of Trp to aqueous environment presumably resulting from unfolding of the 
protein (lametti et al., 1998). BLG heated in presence of sugars shows some quenching 
of Trp fluorescence as compared to the control heated without sugar and the effect was 
more pronounced with ribose (curve 4) as compared to lactose (curve 3). It has been 
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Fig. 3.2.22: Effect of heating with sugars at 85° C on far UV-CD and intrinsic 
fluorescence spectra of the BLG variants 
Spectroscopic data of BLG variants heated with and without sugars 
(molar ratio 1:1000) at 85° C for 20 min is shown. Curves 1, 2, 3 and 4 
correspond to Native BLG, Heated BLG control, BLG heated with 
lactose and BLG heated with ribose, respectively. 
Panel A «& B: Far UV-CD spectra of BLG A and B, respectively. 
Panel C «& D: Intrinsic fluorescence spectra of BLG A and B, 
respectively. 
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reported that interaction of Trpl9 with quenching side-chain groups such as Argl24 
(Brownlow et al, 1997) in the protein are removed upon heat treatment resuking in 
increased fluorescence (lametti et al, 1998). It is likely that in the BLG molecules 
heated in presence of sugars the disruption of such interaction is less marked due to 
additional conformational alterations. 
3.2.2.3 Susceptibility to Pepsinolysis 
The digestion of milk proteins is initiated in the stomach by pepsin, continues in 
the intestine and the digestion products are absorbed from the intestinal (Kitabatake and 
Kinekawa, 1998). Among milk proteins BLG is highly nutritious and is often used as a 
base for infant formulae, in spite of its known resistance to pepsinolysis (Schmidt and 
Van Marwisk, 1993; Kitabatake and Kinekawa, 1998). The effect of heat treatment and 
glycation on susceptibility of the BLG variants A and B to porcine pepsin was 
examined both by SDS-PAGE and RP-HPLC. BLG variants containing lactose or 
ribose in molar ratio 1: 1000 were exposed to 85° C for 20 min and their susceptibility 
to cleavage with porcine pepsin was investigated. 
Figure 3.2.23 shows the SDS-PAGE profile of variants A (Fig. 3.2.23 A) and 
variant B (Fig. 3.2.23 B) exposed to high temperature in presence of lactose. Unheated 
BLGs (lane 2) appeared recalcitrant to pepsinolysis. Heating with or in absence of 
sugars rendered the BLG variants susceptible to proteolysis which could be monitored 
by SDS-PAGE. BLG samples heated in presence of ribose became even more 
susceptible to hydrolysis by pepsin. The relative rates of pepsin-induced hydrolysis of 
the 18 kDa band corresponding to BLG was observed to be: 
Heated control < BLG-Lactose < BLG-Ribose 
No distinct low molecular weight peptide could be visualised in the stained gels 
presumably due to the formation of small peptides with poor ability to bind Coomassie 
brilliant blue R-250. 
Additional support for the observations came from RP-HPLC. Figure 3.2.23 C 
depicts the extent of hydrolysis of BLG A and B after 3 hrs of pepsin treatment. Only 
about 12% and 11% of native BLG A and B, respectively were hydrolysed showing 
high resistance of the proteins to pepsin. The susceptibility to proteolysis increased 
remarkably when heating was carried out especially in the presence of the sugars. 
While about 25% of BLG A was hydrolysed on heating in the absence of sugar for 20 
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Fig. 3.2.23: Effect of heating the BLG variants with sugars on susceptibility to 
pepsinolysis 
BLG A & B incubated with lactose and ribose at 85° C for 20 niin were 
subjected to pepsinolysis as descnbed in methods. 
Panel A & B: Reducing SDS-PAGE (15%) of BLG A and b. 
respectively. Lane M shows molecular weight markers. -15 ^g each of 
native untreated protein, pepsin treated native protein, pepsin treated 
heated protein, pepsin treated BLG-L and pepsin treated BLG-R was 
loaded in each well. 
Panel C. Peptic hydrolysates of native and enzvme treated BLG A & B 
were separated by RP-HPLC as described in methods. The relative peak 
areas are plotted against respective samples. Each bar represents the 
mean of three expenments carried out in triphcate. 
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minutes, that heated in presence of lactose and ribose was hydrolysed to -50% and 
70%, respectively. Susceptibility to pepsinolysis also increased in a similar fashion and 
the corresponding values for variant B were -21%, -53% and -74%), respectively. 
These results suggest that the effect of heat treatment at 85° C produce nearly parallel 
effects on the BLG variants although the later seems to turn slightly susceptible. 
Native BLG is known to have a highly stable conformation and most of the cleavage 
sites of the pepsin are buried inside the p-barrel at low pH (Quo et al., 1995) rendering 
the protein highly resistant towards peptic hydrolysis. Exposure to high temperature 
evidently induces conformational changes in the protein facilitating pepsinolysis. 
Further, BLG aliquots heated with sugars were more susceptible than the samples 
heated in absence of the sugars suggesting the role of reaction with the sugars in 
causing unfolding of protein. Also, the results show that ribose modified BLG is 
somewhat more susceptible than that modified with lactose. Pepsinolysis experiments 
also suggest higher susceptibility of BLG B exposed to high temperature in presence of 
sugars presumably due to its higher susceptibility to thermal denaturation and glycation 
(Sawyer and Kontopidis, 2000). 
3.2.3 Effects of high temperature on thiol modified BLG Variants A and B 
3.2.3.1. Effect of thiol modification 
The extraordinary stability of BLG at low pH has been explained by the strong 
stabilising action of the two disulfide bonds present in the molecule which help in 
preserving several features of the secondary structure at physiological pH (Molinari et 
al., 1996). The free thiol groups of Cysl21 in each monomer has been shown to be 
involved in intramolecular and intermolecular disulfide interchange especially at 
elevated temperature (Griffin et al., 1993; Roefs and DeKruif, 1994) or high hydrostatic 
pressures (Tanaka et al., 1996; lametti et a/., 1997; Funtenberger et al., 1997). 
The behaviour of the BLG variants A and B, with chemically modified free 
sulfhydryls and subjected to heat treatment in absence or presence of sugars was also 
investigated. Sulfhydryl modified BLG was prepared by trapping the lone free thiol 
group in the transiently dissociated monomers by reaction with lAA in the presence of 
2M GnHCl at pH 6.8 (lametti et al., 1998). lodoacetamide is widely used to block free 
cysteine residues of proteins during characterization and peptide mapping. Alkylation 
with lodoacetamide results in the covalent addition of a carbamidomethyl group (57.07 
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Da) on reduced cysteine residues and prevents its participation in disulfide bond 
formation. If iodoacetamide is present in limiting quantities and a slightly alkaline pH, 
as has been used in this study, cysteine modification is the exclusive reaction (Product 
instructions, Thermo Fisher Scientific Inc. USA, 2009). 
3.2.3.1.1 Spectral Properties 
The extent of modification of free thiol groups was determined using the assay 
employing the EUman's reagent. As shown in table 3.2.3, near complete modification 
of the free sulfhydryl groups was achieved under the condition employed (Ellman, 
1959). The structural features of the blocked monomers of both variants were compared 
with those of the respective nafive proteins at pH 7.0 (Fig. 3.2.24). 
The characteristic features of the far UV-CD spectrum of the native BLG that 
exists as a dimer (Sawyer and Kontopidis, 2000) were slightly modified both in the 
thiol modified BLG A (Fig 3.2.24 A) and BLG B (Fig 3.2.24 B). The observed blue 
shift of the negative peak at 216 nm (Dong et al., 1996) indicates some conversion of 
P-sheet and a-helix to aperiodic structures (Prabhakaran and Damodaran, 1997). 
Further details of the nature of alterations induced by sulfliydryl modification of BLG 
came from intrinsic fluorescence. The tryptophan fluorescence of the BLG variants 
with blocked sulfliydryl shows higher emission intensity than the respective native 
dimeric BLG A (Fig. 3.2.24 C) and BLG B (Fig. 3.2.24 D), in agreement with the 
results of lametti et al. (1998). This indicated interference in the formafion of dimers in 
the thiol modified variants. 
3.2.3.1.2 Aggregation Characteristics 
A small fraction of the thiol modified variants A and B migrated as a dimer 
even when the samples were not exposed to high temperature (Fig. 3.2.25, 3.2.26). The 
dimers appeared disulfide linked since SDS-PAGE in presence of the P-
mercaptoethanol resulted in their near disappearance from the gels. It is likely that a 
small fracfion of Cys residues remaining after the treatment of BLG with lAA (table 
3.2.3) cause the re-association of few BLG monomers by disulfides. Also, a decrease in 
sulfliydryl content, which would prevent the disulfide exchanges and formation of 
extensive intermolecular disulfide linkages, may have actually increased the molecular 
flexibility of the BLG molecules (Xiong, et al., 1993). The latter would have produced 
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Table 3.2.3 Free sulphydryl groups^ of native and lAA treated BLG A and B 
Sample 
Native BLG A 
lAA treated BLG A 
Native BLG B 
lAA treated BLG B 
nmoles of SH 
5.48 
0.288 
5.32 
0.2 
groups'* % modification 
0 
94.7 
0 
96.2 
^Free groups were quantified by the method of Ellman et al. (1959) as detailed in 
methods. 
''Each value represents the mean of at least three independent experiments performed in 
duplicate. 
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Fig. 3.2.24: Effect of thiol modification on far UV-CD and intrinsic fluorescence 
ofBLGAandBLGB 
BLG A & B in 50 mM phosphate buffer, pH 6.8 were treated with 
iodoacetamide as described in the methods. 
Panel A «& B: Far UV-CD spectra of BLG A and B, respectiveh". 
Panel C «& D: Intrinsic fluorescence spectra of BLG A and B, 
respectively. 
( ) BLG A ( ) thiol blocked BLG A 
( ) BLG B ( ) thiol blocked BLG B 
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enhanced molecular interactions via some nonspecific short-range bonding such as 
hydrophobic and van der Waals bonds leading to the formation of small amounts of 
disulfide linked dimers. 
3.2.3.2 Effect of heating on thiol modifled BLG variants A and B 
3.2.3.2.1 Migration Behaviour in SDS-Polyacrylamide gels 
Heating of the thiol modified BLG A (Fig. 3.2.25 A, 3.2.26 A) and B (Fig. 
3.2.25 B, 3.2.26 B) with or in absence of lactose or ribose resulted in very little 
formation of additional dimers or higher oligomers as compared to the native 
variants(Fig. 3.2.19). However while the intensity of the dimer bands of unheated thiol 
modified variant A or that heated in absence of the sugar decreased remarkably on 
inclusion of the thiol-reductant during electrophoresis, greater fraction of the dimer 
remained in samples heated in presence of the sugars (Fig. 3.2.25 C, 3.2.26 C). This 
suggests that sugars can induce higher non-disulfide mediated aggregation also in the 
thiol modified protein although to a very small extent. Almost similar observations 
were made with the thiol modified BLG variant B except that some additional faint 
bands appeared above the dimer band and more marked staining on the top of the gel 
was evident both in the samples heated with or in absence of the sugar (Fig. 3.2.25 B, 
3.2.26 B). The dimer band appeared sharper indicating lower heterogeneity and when 
the sample was subjected to electrophoresis in presence of the thiol-reductant the 
intensity of the band corresponding to the dimer decreased remarkably in all samples 
except in that heated with ribose (Fig. 3.2.25 B, D; Fig. 3.2.26 B, D). Fewer amino 
groups of both the thiol modified BLG variants were modified when they were heated 
with sugar as compared to those in the respective unmodified protein (Fig. 3.2.27). 
Treatment of the variants A and B with lAA resulted in a small decrease in the number 
of amino groups (table 3.2.4) probably because of the ability of the excess reagent to 
alkylating amines to some extent (lysine, N-termini) (Product instructions, Thermo 
Fisher Scientific Inc. USA, 2009). The observed lower modification of amino groups of 
the thiol modified BLG incubated with sugars may be the result of the masking effect 
of some alkylation products on the potential sugar glycation sites. Alternafively, the 
higher resistance to unfolding of the thiol-modified variants may have restricted the 
access of the glycation sites and hence lower amino group modification. 
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Fig. 3.2.25: Polyacrylamide gel electrophoresis of thiol modified BLG variants 
heated with sugars at 85° C for 20 min. 
SDS-PAGE (12%) of thiol modified BLG A and B heated with and 
without lactose and ribose (molar ratio 1:1000) at 85° C for 20 min at 
pH 7.0. The thiol blocked proteins are referred to as Cysl21 blc BLG A 
and B. -35 (.igm of protein was loaded in each well 
Panel A & B: Non-reducing SDS-PAGE of thiol modified BLG A and 
B, respectively. 
Panel C «& D: Reducing SDS-PAGE of thiol modified BLG A and B, 
respectively. 
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Fig. 3.2.26: Polyacrylamide gel electrophoresis of thiol modified BLG variants 
heated with sugars at 85° C for 1 hr. 
SDS-PAGE (12%) of thiol modified BLG A and B heated with and 
without lactose and ribose (molar ratio 1:1000) at 85° C for 1 hr at pH 
7.0. The thiol blocked proteins are referred to as Cysl21 blc BLG A and 
B. -35 )Ligm of protein was loaded in each well 
Panel A & B: Non-reducing SDS-PAGE of thiol modified BLG A and 
B, respectively. 
Panel C &D: Reducing SDS-PAGE of thiol modified BLG A and B, 
respectively. 
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Fig. 3.2.27: Available amino groups of thiol modified BLG variants A and B 
heated at 85° C 
Thiol modified protein solutions were mixed with sugars (R==Ribose, 
L=Lactose) in molar ratio 1.1000 and incubated at 85° C for various time 
periods as indicated. All the amino groups of native proteins were 
available and considered 100% for calculation of extent of modification. 
Each bar represents the mean of three experiments carried out in triplicate 
and SD values have been indicated. The thiol modified BLG A and B are 
referred to as CvsI21 blc A and B. 
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Table 3.2.4 Available amino groups^ of thiol modified BLG variants A and B 
subjected to heating with various sugars at 85° C 
~ 7r~~ "/oGIycation" %Giycation^ 
Treatment ^(^ ^ ^ ^ ^ ^ 
None 
Lactose 20 min 
Lactose 1 hr 
Ribose 20 min 
Ribose 1 hr 
6.2 
7.0 
9.3 
13.1 
17.5 
6.2 
7.5 
12.5 
14.0 
18.8 
"Available amino groups were quantified by the method of Church et al. (1983) 
as detailed in methods. 
''Each value represents the mean of at least three independent experiments performed in 
duplicate. 
98 
RESULTS & DISCUSSION-II 
3.2.3.2.2 Spectral Properties 
Far UV-CD data of the thiol-modified variant A and B show a very small loss of 
secondary structure upon heating in absence or presence of sugars (Fig. 3.2.28 A, B, C, 
D). Only a small enhancement of CD signals at -208 nm was observed suggesting a 
minor transition from P-sheet structure to random coil. The alterations were somewhat 
more marked, especially in case of the variant B, when the samples were heated in the 
presence of the sugars. Heating of thiol-modified BLG A and B also resulted in a 
marked increase in the intrinsic fluorescence (Fig. 3.2.29 A, B, C, D) when excited at 
280 nm also suggesting greater exposure of Trp to aqueous environment, presumably 
due to protein unfolding. Inclusion of lactose or ribose during heating however resulted 
in significant quenching of Trp fluorescence (curves 3 & 4). As explained earlier, the 
Maillard reaction of the sugars with Lys residues of the protein might be responsible for 
greater interaction of Trp 19 with quenching side-chains groups such as Argl24 
(Brownlow et al., 1997) in the protein resulting in decreased fluorescence. 
The genetic variants of milk proteins have recently been of great interest in the 
dairy industry (Celik, 2003). There are several functional consequences of the amino 
acid substitutions in variant A and B. The loss of two methyl groups accompanying the 
Vail 18 in A to Ala in B occurring in the most rigid part of the protein structure, 
coupled with the inability of the surrounding structure to adjust to fill this void, results 
in the decreased degree of internal hydrophobic interactions for BLG B compared to 
BLG A. Moreover, the extent of destabilization is greatest when substitution occurs in 
the most rigid part of the structure. According to the X-ray studies by Qin et al. (1999), 
five hydrophobic contacts are subsequently lost in variant B. Thus, the decreased 
thermal stability of BLG B at high temperatures and low protein concentrations 
compared to BLG A arises from the reduced hydrophobic contacts that result from the 
substitutions. X-ray data shows that in variant B there occurs greater mobility of the 
region around Cysl21 (Qin et al., 1999), indicating greater transient accessibility of this 
residue and its subsequent greater reactivity in variant B. This together with the lower 
charge density of BLG B species (Meza-Nieto et al., 2007), compared with BLG A 
resuking in diminished electrostatic repulsion among former's molecules, can be 
accounted for the greater heat induced aggregation tendency of the variant B compared 
to A. It has been earlier observed that in studies concerning the effect of fortifying 
reconstituted skim milk with increasing levels of BLG variants A and B and A-B 
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Fig. 3.2.28: Effect of thiol modification on far UV-CD of the BLG variants 
heated with sugars at 85° C. 
The thiol blocked BLG variants A & B. were subjected to heat treatment 
at 85° C with or without lactose and ribose in molar ratio 1:1000. Curves 
1, 2, 3 and 4 correspond to unheated Cysl21 blc BLG, Heated Cysl21 
blc BLG control, Cysl21 blc BLG heated with lactose and Cysl21 blc 
BLG heated with ribose, respectively. 
Panel A & C: Far UV-CD spectra of BLG A incubated at 85° C for 20 
min and 1 hr, respectively. 
Panel B «& D: Far UV-CD spectra of BLG B incubated at 85° C for 20 
min and 1 hr. respectively. 
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Fig. 3.2.29: Effect of thiol modification on intrinsic fluorescence of the BLG 
variants heated with sugars at 85° C. 
The thiol blocked BLG variants A & B, were subjected to heat treatment 
at 85° C with or without lactose and ribose in molar ratio 1:1000. Curves 
1, 2, 3 and 4 correspond to unheated Cysl21 blc BLG, Heated Cysl21 
blc BLG control, Cysl21 blc BLG heated with lactose and Cysl21 blc 
BLG heated with ribose, respectively. 
Panel A «& C: Intrinsic fluorescence spectra of BLG A incubated at 85° 
C for 20 min and 1 hr. respectively. 
Panel B «& D: Intrinsic fluorescence spectra of BLG B incubated at 85° 
C for 20 min and 1 hr, respectively. 
101 
/uu -
600 • 
500 • 
^ 
^ 400 -
< 
^ 300 • 
it. 
200 -
100 -
0 - 1 
300 350 400 300 350 400 
500 
300 350 400 
Wavelength (nm) 
300 350 400 
Wavelength (nm) 
RESULTS & DISCUSSION-II 
mixtures on rennet-induced gelation, BLG B contributed more to the mechanical 
strength of the gels formed due to formation of cross-links and aggregates with other 
whey proteins and rennet hydrolysis products. 
Hence it can be concluded from this study that in BLG A and B the extent of 
structural modification induced is related to the degree of glycation, which in turn is 
related to the reactivity of the sugar used, and to the temperature of incubation. Higher 
the reactivity of the sugar, higher was the denaturation observed upon glycation. 
Depending on the reactivity of the sugar, the glycated population shows smaller or 
greater heterogeneity in molecular masses. Glycosylation of BLG variants at a 
moderate temperature of 50° C, in the case of glucose and lactose, does not change 
significantly the secondary and the tertiary structure of the proteins suggesting that only 
surface lysyl residues of BLG are modified by moderate glycosylation. In contrast, 
glycosylated BLG derivatives characterized by higher substitution, as in the case of 
ribose and fructose, reveal complete destruction of tertiary structure, while retaining the 
native secondary structure. Glycation of BLG variants at 60° C even with a lesser 
reactive sugar like lactose induced marked loss of native secondary and tertiary 
structure of the protein accompanied by an increase in hydrophobicity. Although 
through secondary structure analysis, the behaviour of the two variants upon glycation 
was found to be comparable, from near UV-CD, intrinsic and ANS fluorescence data it 
was observed that the environment of Trpl9 was modified to a greater extent in case 
of BLG B upon incubation with sugars, both at 50° C and 60° C. Also, through non-
reducing PAGE it was shown that the variant B was more prone to polymerization than 
variant A upon glycation at 60° C. Additionally, this work showed the difficulty to 
interpret some of the structural analysis of glycated samples by spectral methods, 
especially with more reactive sugars like ribose because of the heterogeneity of the 
Maillard products obtained and presumably because of formation of powerful 
chromophores during the Maillard reactions. 
The heat treatment of BLG variants at temperatures as high as 85° C was found 
to induce conformational changes in the protein together with increased aggregation 
under the conditions used. The aggregation is enhanced in the presence of sugars and is 
related to the reactivity of sugar and extent of glycation. Among the variants BLG B 
tends to aggregate to a greater extent than BLG A confirming its higher susceptibility 
towards heat denaturation. The study of BLG hydrolysis by pepsin shows that heating 
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of milk at high temperatures in the presence of sugars enhances the digestibility of both 
BLG variants. This may facilitate the absorption rate of heated protein. Also, the 
intensity of denaturation corresponding to percentage of hydrolysed protein is directly 
related to glycation degree. The susceptibility of variant B towards pepsinolysis after 
heat treatment was found to be slightly higher than that of the variant A, possibly 
because of former's greater susceptibility towards heat denaturation. Treatment of BLG 
variants with thiol modifying reagent produces moderate conformational changes in the 
proteins. Thiol modified BLG variant showed lower susceptibility to glycation and far 
lower heat-induced aggregation as compared to the unmodified proteins. The 
aggregation behaviour of both the variants was also comparable as evident from non-
reducing SDS-PAGE, although BLG B also appeared more susceptible in this regard. 
The glycation of BLG was affected probably by the conformational changes induced by 
the thiol-modifying reagent as well as the presence of covalently attached alkylating 
groups on the BLG molecules. Heating of the thiol modified BLG variants induced 
some conformational changes in the protein as monitored by CD and fluorescence 
spectroscopy but these were of lower magnitude compared to those observed with 
variants with unmodified thiol group._ The alterations were enhanced in the presence of 
sugars. 
Numerous attempts have been made to improve the functional properties of 
whey proteins through physical, chemical and/or enzymatic treatments (Kehoe et al, 
2007). However, most of the methods utilize toxic chemical leading to products like 
ester and phosphoric acid (Kehoe et al, 2007) for conjugation with proteins like BLG 
and are not permitted for potential industrial applications. Controlled Maillard reaction 
can thus be a good procedure for protein processing in food industry, which allows the 
protein to retain its native conformation. 
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3.3 Acetonitrile-induced unfolding of bovine beta-lactoglobulins 
The conformational change of BLG variants A and B as a function of varying 
concentrations of acetonitrile (ACN) was monitored at pH 2.0. 7.0 and 9.0. The 
conformational changes were followed using various spectroscopic probes including 
Rayleigh Light Scattering, intrinsic tryptophan fluorescence, far-UV CD, near-UV CD 
and ANS fluorescence. pH values of 2.0, 7.0 and 9.0 were chosen to study the effect of 
increasing concentrations of ACN (0-80%) since it is known that at pH 2.0 and pH 9.0 
both of the BLG variants exist as monomers while they exist in dimeric form at pH 7.0 
(Sawyer and Kontopidis, 2000). These conditions provide a range of pH to study the 
effect of ACN on the conformation of BLG variants both in monomeric or in dimeric 
form. 
3.3.1 Rayleigh Light Scattering (RLS) 
In order to study the aggregation behaviour of BLG variants induced by ACN, 
light scattering measurements were made in the presence of increasing concentrations 
of acetonitrile. Figures 3.3.1 A and 3.3.1 B show the ACN-induced aggregation profile 
of BLG variants A and B, respectively. 
The RLS data showed that BLG variants A and B exhibit comparable 
aggregation behaviour both in monomeric form (pH 2.0, pH 9.0) as well as in dimeric 
form (pH 7.0). At pH 2.0 (Fig. 3.3.1 A, 3.3.1 B) increase in concentration of ACN up to 
70% (v/v) caused no remarkable aggregation but at 80% (v/v) ACN there was an abrupt 
rise in fluorescence intensity both for variants A and B. At pH 7.0 both variants 
exhibited aggregation beyond 50%) (v/v) concentration of ACN. At pH 9.0, BLG 
aggregation was evident above 60% ACN (v/v). ACN-induced aggregation was thus 
more pronounced at pH 7.0, fluorescence intensity (Fl) at 80%) (v/v) ACN observed at 
pH 7.0 is nearly 3 times greater than the maximum FI observed at pH 2.0 or 9.0 at the 
same ACN concentration. Figures 3.3.1 A and B also provides a threshold acetonitrile 
concentration to study the protein aggregates formed under the conditions and the 
conformational conversion of monomeric and dimeric state populated under the same 
conditions before the aggregates form. 
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Fig. 3.3.1 Effects of increasing concentration of ACN on aggregation of BLG 
variants A and B. 
Fluorescence measurements were made at 350 nm after exciting the 
samples at 350 nm. Concentration of BLG A (A) and B (B) used was 10 
|iM and the measurements were made at (•) pH 2.0,(") 7.0 and (A) 9.0. 
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3.3.2 Effect of ACN on secondary structure of the BLG variants using far UV-
CD 
The secondary structural changes in BLG variants A and B at pH 2.0, 7.0 and 
9.0 were monitored at various concentrations of ACN using far-UV circular dichroism 
(CD) spectroscopy. In the absence of ACN. the CD spectra of both BLG variants show 
the characteristic negative CD band at around 216 nm, typical of (3-sheets proteins (Fig. 
3.3.2 A-F, spectrum 1). These observations substantiate the earlier reports that P-sheets 
are predominant secondary structure in both BLG variants A and B in monomeric as 
well as dimeric forms (Dong el ciL. 1996). 
At pH 2.0, no significant change in the far-UV CD spectra was observed until 
the ACN concentration reached 10 % (v/v) for BLG A (Fig. 3.3.2 A, spectrum 2) and 
BLG B (Fig. 3.3.2 B. spectrum 2). Above 10 % ACN, the CD spectra were transformed 
noticeably to typical a-helix spectra, with appearance of CD bands at 208 nm and 222 
nm. At pH 7.0 and 9.0, the far-UV CD spectra of both BLG variants at 10% ACN are 
typical of P-sheet conformation as revealed by the single negative band at 213-218 nm 
(Fig. 3.3.2 C-F. spectrum 2). At concentrations of ACN >10%, the far-UV CD spectra 
of both variants show two negative CD bands at 208 nm and 222 nm, with more 
pronounced negative CD at 208 nm. Taken together, these results suggest that both 
BLG variants undergo nearly identical transitions from p-sheet to a-helix at all three 
pH values in presence of increasing concentration of ACN. 
In order to further assess ACN-induced beta to alpha helical transitions, mean 
residue ellipticity at 222 nm of both BLG variants were monitored as a function of 
increasing concentrations of ACN. Figure 3.3.3 A, B and C show the mean residue 
ellipticity at 222 nm at pH 2.0, 7.0, 9.0, respectively. The p to a-helical transition 
appears to be more pronounced for BLG variants B at all pH values studied. The values 
of a-helical content of variant A in the presence of 40% ACN, as estimated from the 
molar ellipticity at 222 nm. are 43%, 32% and 28% at pH 2.0, 7.0 and 9.0, respectively. 
On the other hand, the values of a-helical content of variant B in the presence of 40% 
ACN are 56%. 36% and 36% at pH 2.0, 7.0 and 9.0, respectively. These observations 
suggested an increased amount of a-helical structure induction in BLG variant B 
compared to variant A in presence of 40% ACN at acidic, neutral and alkaline pH. 
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Fig. 3.3.2 Effect of increasing concentration of ACN on secondaiy structure of 
BLG variants. 
Far UV-CD measurements were made in the wavelength range (200-250 
nm). Concentration of protein used was IG^M. Spectra 1-5 and G 
represent BLG m the presence of 0, 10. 20, 40, 60% ACN and 6M 
GnHCl. respectively. Far UV-CD spectra of BLG A at (A) pH 2.0, (B) 
7.0 and (C) 9.0; and BLG B at (D) pH 2.0. (E) pH 7.0 and (F) pH 9.0, 
respectiveh' are shown. 
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Fig. 3.3.3 Effect of increasing concentration of ACN on MRE of the BLG 
variants at 222 nm. 
Plots of MRE vs. ACN concentration of BLG A and B at pH 2,0 (A), 7.0 
(B) and 9.0(C) are shown. 
(—• —) BLG A (•) BLG A in 6M GnHCl 
(— <^) BLG B (n) BLG B in 6M GnHCl 
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3.3.3 Effect of ACN on conformation of the BLG variants 
3.3.3.1 Intrinsic fluorescence 
The conformational changes in BLG variants A and B at pH 2.0, 7.0 and 9.0 
were monitored at various concentrations of ACN using intrinsic fluorescence 
measurements as a probe. In the absence of ACN (Fig. 3.3.4, spectrum 1), the intrinsic 
fluorescence spectra of both BLG variants at all the pH values studies showed 
characteristic X,max at 332 nm. However, for both the variants, fluorescence intensity at 
pH 2.0 and 9.0 (Fig. 3.3.4 A, C, D and F, spectrum 1) was greater than that at pH 7.0 
(Fig. 3.3.4B and E, spectrum 1). This behaviour can be explained on the basis of 
association of BLG into dimers and in turn leading to fluorescence quenching. At pH 
2.0 and 9.0, both the variants are predominantly in monomeric form, while at pH 7.0 
they are essentially dimeric (Sawyer and Kontopidis, 2000). Bovine BLG has two Trp 
residues, Trp 19 is situated in a hydrophobic environment at the bottom of the calyx 
formed by the antiparallel P-strands while Trp61 has been found to be adjacent to the 
strand involved in antiparallel interaction of the dimer (Divsalar et al., 2006). As 
suggested by Renard ef al. (1998), the Trp61 is near the site of monomer-monomer 
association and may have contributed to the observed quenching of the fluorescence 
upon dimerization. However, A,max seems to be insensitive to the association state of 
BLG indicating that the dimerization did not cause pH associated change in the 
conformation around either tryptophan side chains (Fig. 3.3.4 A-F, spectrum 1). 
At pH 2.0 and 7.0, up to 20% (v/v) ACN no shift in A,max was observed both 
for BLG A (Fig. 3.3.4 A and B, spectrum 3) and BLG B (Fig. 3.3.4 D and 4, spectrum 
3). At 40% (v/v) ACN, a red shift occurred both for variant A (Fig. 3.3.4 A and B, 
spectrum 4) and variant B (Fig. 3.3.4 D and E, spectrum 4) which can be accounted for 
by the exposure of Trp and Tyr residues. But the red shift is less marked and FI higher 
than that of protein in presence of 6M GnHCl (Fig. 3.3.4, spectrum G). At pH 9.0, the 
red shift occurred in the range 10-40% (v/v) ACN for variant A (Fig. 3.3.4 C, spectra 2-
4) and variant B (Fig. 3.3.4E, spectra 2-4). Beyond 40% (v/v) ACN, in all the cases, 
there was a gradual increase in FI with decrease in Xmax (spectra 5-6, Fig. 4). 
Figure 3.3.5 and 3.3.6 show the effect of ACN concentration on fluorescence 
intensity and Xmax of the two variants when excited at 280 nm at pH 2.0 (Fig. 3.3.5 A, 
3.3.6 A), 7.0 (Fig. 3.3.5 B, 3.3.6 B) and 9.0 (Fig. 3.3.5 C, 3.3.6 C), respectively. The FI 
vs. ACN profiles were almost comparable for the two variants at all the pH values (Fig. 
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Fig. 3.3.4 Effect of increasing concentration of ACN on intrinsic tryptophan 
fluorescence of the BLG variants. 
BLG A at (A) pH 2.0. (B) 7.0 and (C) 9.0; BLG B at (D) pH 2.0. (E) pH 
7.0 and (F) pH 9.0. Fluorescence measurements were made using X^^ -
280 nm and X.^ = 300-400 nm. Concentration of protein used was 10 
^M. Spectra 1-5 and G represent BLG in the presence of 0, 10, 20, 40, 
60% ACN and 6M GnHCl, respectively. Intrinsic fluorescence spectra of 
BLG A at (A) pH 2 0, (B) 7 0 and (C) 9 0: and BLG B at (D) pH 2 0. (E) 
pH 7.0 and (F) pH 9 0. respectively are shown. 
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Fig. 3.3.5 Effect of increasing concentration of ACN on fluorescence intensity 
of BLG variants at 332 nm. 
Plots of FI vs. ACN concentration of BLG A and B at (A) pH 2.0, (B) 
7.0 and (C) 9.0 are shown. 
(—•—) BLG A (•) BLG A in 6M GnHCl 
(—0—) BLGB (D) BLGB in 6M GnHCl 
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Fig. 3 J.6 Effect of increasing concentration of ACN on emission maxima 
(WLmax) of the BLG variants. 
Plots of WLmax vs. ACN concentration of BLG A and B at (A) pH 2.0, 
(B) 7.0 and (C) 9.0 are shown. 
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3.3.5 A-C). The A.max however, first increased up to 30% (v/v) ACN and then 
decreased up to 70% (v/v) ACN (Fig. 3.3.6 A-C) for both the variants. This shift in 
?^ max was more pronounced for variant A at pH 9.0 compared to variant B. The red 
shift at low ACN concentrations, which is less than that for GnHCl treated protein, 
suggests that although the protein variants have lost some of their tertiary structure, 
they are not completely denatured. A blue shift at higher ACN concentrations indicates 
decrease in polarity of Trp environment (Ahmad et al., 2010) and may be attributed to 
the creation of additional hydrophobic environment around Trp residues due to the 
formation of secondary structures, as discussed in far UV-CD section. 
3.3.3.2 Near UV-CD 
The tertiary structural changes in BLG variants A and B at pH 2.0, 7.0 and 9.0 
were monitored at various concentrations of ACN using near UV-CD spectroscopy. At 
pH 2.0, no significant change in the near UV-CD spectra were observed until the ACN 
concentration reached 20% (v/v) for BLG A (Fig. 3.3.7 A, spectrum 3) and BLG B 
(Fig. 3.3.7 D, spectrum 3). Above 20% ACN the intensity of negative signals decreased 
(Fig. 3.3.7 A and D, spectra 4 and 5) approaching that of BLG in the presence of 6M 
GnHCl (spectrum G). At pH 7.0, the decrease in the negative CD signal was evident 
starting at 20% (v/v) ACN for BLG A (Fig. 3.3.7 B, spectrum 3) and beyond 20% (v/v) 
ACN for BLG B (Fig. 3.3.7 E, spectrum 4). At pH 9.0 and 10% (v/v) ACN the 
spectrum for BLG A (Fig. 3.3.7 C, spectrum 2) retained only some features of the 
spectrum of the native protein and at higher ACN concentration a decrease in the 
negative CD signals occurred until the spectral features approached that of BLG A in 
the presence of 6M GnHCl (Fig. 3.3.7 C, spectrum G). On the other hand, BLG B 
retained native like spectral features up to 10% (v/v) ACN (Fig. 3.3.7 F, spectrum 2) 
and a decrease in the CD signal began at 20% (v/v) ACN (3.3.7 F, spectrum 3). 
A decrease in the negative CD signals reflects a less ordered tertiary structure. 
Figure 3.3.8 A-C show MRE at 293 vs. ACN concentration at pH 2.0, 7.0 and 9.0. It 
can be observed that at relatively low ACN concentration BLG A (Fig. 3.3.8 A) 
retained a compact structure at pH 2.0 while the variant B appeared to retain its 
structure at both pH 2.0 and 7.0 (Fig. 3.3.8 A and B). On the other hand at pH 9.0, both 
variants began to lose their tertiary structure at low ACN concentrations. The tertiary 
structure is completely lost at higher ACN concentration. 
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Fig. 3.3,7 Effect of increasing concentration of ACN on near UV-CD spectra of 
BLG variants A and B. 
Near UV-CD measurements \\ere made in the wavelength range 250-
350 nm. Proteins" concentration used was 55.5|iM. Spectra 1-5 and G 
represent BLG in the presence of 0. 10. 20, 40. 60% ACN and 6M 
GnHCl. respectively. Near UV-CD spectra of BLG A at (A) pH 2.0, (B) 
7.0 and (C) 9.0; and BLG B at (D) pH 2.0, (E) pH 7.0 and (F) pH 9.0, 
respectively are shown. 
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Fig. 3.3.8 Effect of increasing concentration of ACN on MRE of the BLG 
variants at 293 nm. 
Plots of MRE vs. ACN concentration of BLG A and B at (A) pH 2.0, (B) 
7.0 and (C) 9.0, respectively are shown. 
(—•—) BLG A 
(—0—) BLGB 
15 
-1.5 
20 40 60 80 
20 40 60 80 
-0.3 
-0.4 
-1.3 
20 40 60 80 
%ACN (v/v) 
RESULTS & DISCUSSION-III 
3,3.3.3 ANS fluorescence 
Figure 3.3.9 shows the ANS fluorescence profile of BLG variants at three pH 
values. ANS is known to bind to hydrophobic patches of proteins. In the absence of 
ACN (Fig. 3.3.9 A-F, spectrum 1) low FI was observed for both BLG variants thus 
suggesting the presence of very few exposed hydrophobic patches. In the presence of 
6M GnHCl (Fig. 3.3.9 A-F, spectrum G), FI was further decreased as the denatured 
protein loses most of the ANS binding sites (Ahmad et ai, 2005). At pH 2.0, 7.0 and 
9.0, there was a very marginal increase in FI at 480 nm up to 20% (v/v) ACN both for 
variants A (Fig. 3.3.9 A-C, spectrum 3) and B (Fig. 3.3.9 D-F, spectrum 3). A more 
significant increase was however observed at 40% (v/v) ACN for BLG A (Fig. 3.3.9 A-
C, spectrum 4) and BLG B (Fig. 3.3.9 D-F, spectrum 4) which gradually continued till 
60% (v/v) ACN (spectrum 5). The higher affinity of ANS to the BLG variant in the 
presence of high ACN concentration suggests a remarkable increase in the number of 
solvent accessible non-polar clusters due to altered conformation and/or protein 
unfolding. 
Figure 3.3.10 depicts the increase in FI at 480 nm with increase in ACN 
concentration. At pH 2.0, 7.0 and 9.0, BLG variant B showed greater FI than BLG A at 
identical ACN concentrations. Thus, it can be suggested that the exposure of 
hydrophobic patches resulting from the addition of ACN was more pronounced in the 
case of variant B, the difference being more marked at pH 7.0 and 9.0 than at pH 2.0. 
3.3.4 Effect of acetonitrile on aggregation of the BLG variants 
3.3.4.1 Transmission electron microscopy 
As observed from Rayleigh scattering data, at pH 7.0 the aggregation of variant 
A (Fig. 3.3.1 A) and B (Fig. 3.3.1 B) commenced above 50%) (v/v) concentration of 
ACN. The aggregated BLG samples incubated at 60%, 70% and 80% (v/v) ACN for 48 
hrs were analysed under transmission electron microscopy. Figure 3.3.11 A-C shows 
the TEM images of BLG A samples with 60%, 70% and 80% (v/v) ACN. The TEM 
images of variant B at identical ACN concentrations are shown in figure 3.3.11 D-F. 
Annular protofibril-like structures were observed in samples at 60% (v/v) ACN (Fig, 
3.3.11 A, D) and fibril-like aggregates were seen in samples at 70% (v/v) and 80% 
(v/v) ACN. In several pathological disorders and in various in vitro experiments, 
proteins have been known to turn into 'amorphous aggregates', without local order 
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Fig. 3.3.9 Effect of increasing concentration of ACN on ANS fluorescence of 
the BLG variants. 
Fluorescmce measurements were made using (Xex = 380 nm, Xem = 
400-500 nm). Concentration of protein used was lOjiM, Spectra 1-5 and 
G represent BLG in the presence of 0, 10, 20, 40. 60% ACN and 6M 
GtiHCL respectiveK. ANS fluorescence spectra of BLG A at (A) pH 2.0. 
(B) 7.0 and (C) 9.0; and BLG B at (D) pH 2.0, (E) pH 7.0 and (F) pH 
9.0, respectively are shown. 
( ) BLG A 
( ) BLG B 
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Fig, 1.3.10 Effect of increasing concentration of ACN on fluorescence intensity 
of BLG variants at 480 nm. 
Plots of FI vs. ACN concentration of BLG A and B at (A) pH 2.0, (B) 
7.0 and (C) 9.0, respectively are shown. 
(•) BLG A (•) BLGAin6MGnHCl 
( 0) BLG B (D) BLG B in 6M GnHCl 
20 40 60 
%ACN (v/v) 
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Fig. 3.3.11 Microstructural features of fibrils obtained from the BLG variants 
by Transmission Electron Microscopy. 
Images are of fibrils formed after 24 hrs of incubation at 37° C of BLG 
(10 )iM) in 10 mM Tris HCl buffer pH 7.0 after exposing BLG variant A 
to (A) 60%, (B) 70% and (C) 80% ACN. Also, BLG B was exposed to 
(D) 60%, (E) 70% and (F) 80% ACN. 
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(Merlini and Bellotti, 2003). The native conformations of proteins has little tendency to 
aggregate because intermolecular interaction between the folded protein renders the 
majority of hydrophobic side chains, and the main chain amide and carbonyl groups, 
capable of forming strong hydrogen bonds, inaccessible for the formation 
intermolecular interactions. Unfolding exposes such regions providing an opportunity 
for intermolecular interactions. In the case of BLG, the addition of moderate 
concentration of ACN was seen to enhance hydrophobic interactions and favour 
intermolecular hydrogen bonding resulting in protein precipitation. 
3.3.5 Correlation of secondary structure formation with accumulation of 
hydrophobic patches 
At pH 2.0, 7.0 and 9.0, with increasing ACN concentration an increase both in 
MRE at 222 nm (Fig. 3.3.3 A-C) and ANS binding (Fig. 3.3.10 A-C) was observed for 
BLG A as well as BLG B. ANS binding is enhanced when the protein forms compact 
conformation (Ahmad et al., 2010). Also, an increase in tryptophanyl FI at 332 nm 
(Fig. 3.3.5 A-C) and a blue shift (Fig. 3.3.6 A-C) of maximum wavelength was seen 
once the ACN concentration was increased beyond 30%. From these results, it can be 
suggested that the Trp residues are buried in more hydrophobic environment and that 
there has been a simultaneous formation of new secondary structure and hydrophobic 
clusters upon addition of ACN beyond 40% in case of both variants. 
3.3.6 Correlation of helix induction with aggregation 
On observing the spectral features of BLG A and B (Table 3.3.1, 3.3.2), 
obtained from far UV-CD data, helix induction could be clearly seen by monitoring the 
changes at 222 nm on addition of ACN. Data shown in tables 3.3.1 and 3.3.2 revealed 
considerable increase in helical content was found. Also, there occurred a concomitant 
loss of tertiary structure, as seen from near UV-CD data with increase in the ACN 
concentration between 0 and 80%. Organic co-solvents have been shown to promote 
aggregation in many proteins (Luo and He, 1999). From Rayleigh scattering data it was 
seen that at higher ACN concentration, aggregation of the protein occurred (Fig. 3.3.1 
A and B). Aggregation of various other proteins in this solvent has also been reported 
earlier (Oliveira et al., 2009). The TEM images indicate the presence of annular 
protofibril-like structures (Fig. 3.3.11 A, B) and fibril-like structures (Fig. 3.3.11 C-F), 
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Table 3.3.1 Summan' of different spectral properties of BLG A 
pH2.0 
Native 
20% ACN 
40% ACN 
60% ACN 
pH7.0 
Native 
20% ACN 
40% ACN 
60% ACN 
pH9.0 
Nath'e 
20% ACN 
40% ACN 
60% ACN 
MREat 
222 nin" 
-4,462 
-9.208 
-13,842 
-18,108 
-3,473 
-5.857 
-9,484 
-
-4,485 
-6,796 
-7.967 
-8,402 
% helix" 
19 
31 
43 
54 
16 
22 
32 
-
19 
25 
28 
29 
MREat 
293 nm" 
-1,251 
-1,206 
-695 
-664 
-1,256 
-824 
-543 
-
-1,16! 
-895 
-827 
-694 
FI at 332 
nm'^  
126 
147 
169 
231 
60 
105 
168 
-
101 
103 
153 
272 
A,max' 
332 
332 
337 
329 
332 
337 
339 
-
332 
339 
340 
335 
FI at 480 
d 
nm 
39 
50 
97 
179 
15 
28 
100 
-
10 
22 
87 
230 
Table 3.3.2 Summary' of different spectral properties of BLG B 
pH2.0 
Native 
20% ACN 
40% ACN 
60% ACN 
pH 7.0 
Native 
20% ACN 
40% ACN 
60% ACN 
pH9.0 
Native 
20% ACN 
40% ACN 
60% ACN 
MREat 
222 nm' 
-5,309 
-13.371 
-18,857 
-19,851 
-5,692 
-7,160 
-11,076 
-
-6.172 
-8.455 
-11,071 
-13,142 
% helix" 
21 
41 
56 
58 
22 
26 
36 
-
23 
29 
36 
41 
MREat 
293 nm" 
-1,120 
-1,106 
-509 
-529 
-1,354 
-1,324 
-677 
-
-1,086 
-810 
-625 
-561 
FI at 332 
nm' 
102 
123 
164 
241 
68 
83 
164 
-
95 
77 
189 
237 
Xmax' 
332 
331 
335 
328 
332 
332 
337 
-
333 
337 
338 
331 
FI at 480 
d 
nm 
39 
60 
101 
224 
19 
28 
155 
-
13 
37 
157 
312 
•* MRI". (deg.cm'.dmor") 
"Morrowera/., 2000 
"Excitation \va\'elength 280 niii 
''Rxcilation wavelength 380 nm 
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especially at higher concentrations of ACN. Apparently, BLG with predominantly 
helical structure begins to precipitate without the need for further conformational 
transition. The precipitation was more pronounced at pH 7.0 followed by that at pH 9.0 
and lastly at pH 2.0 (Fig. 3.3.1 A and B). 
The loss of tertiary structure suggested by near UV-CD data, exposure of Trp 
residues to the solvent as detected by intrinsic tryptophan fluorescence and increased 
ANS binding suggest that conformational changes affecting Trp 19 environment in 
ACN treated protein involve the regions that also play a major role in terms of overall 
surface hydrophobicity of BLG and in BLG aggregation. 
3.3.7 Effect of variation of pH on ACN induced conformational changes in BLG 
variants 
From the spectral properties summarised in table 3.3.1 and 3.3.2 and respective 
figures, it can be observed that although the behaviour of the two variants in the 
presence of varying proportions of ACN was nearly identical, the magnitude of the 
changes induced by the solvent varied. While the induction of a-helical structure and 
exposure of hydrophobic patches was more pronounced for variant B, the loss of 
tertiary structure as indicated by MRE at 293 nm and shift in Xmax upon excitation at 
280 nm was more significant in case of the variant A than B. The two variants differ as 
already discussed, in two amino acid residues, Asp64 in A is replaced with Gly64 in B 
and Vail 18 in A has been found to be substituted with Alal 18 (Sawyer and Kontopidis, 
2000). It has also been suggested that the loss of the two methyl groups destabilize the 
core of the B variant relative to the A variant (Sawyer and Kontopidis, 2000). This 
might have implications on the ACN-induced unfolding patterns of the two variants. 
The order of aggregation of the two variants in the presence of ACN was 
observed to be: pH 2.0 < pH 9.0 < pH 7.0. Also, at pH 2.0 helix induction occurred at 
relatively higher concentration of ACN than at pH 7.0 and 9.0. These observations 
suggest that the stability of BLG towards ACN induced unfolding is greater at acidic 
pH than at either neutral or alkaline pH. 
There exists evidence that ACN which is a water miscible solvent with 
amphiphilic nature, is capable of stripping water molecules away from the protein 
surface (Cardoso et al., 2009). Thus, it can be assumed that the primary action of ACN 
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on BLG could have been perturbation of hydration structure of the protein, and 
simuhaneous loss of non-covalent interactions of BLG molecules with water resuhing 
in disruption or weakening of its natively ordered state (Cardoso et ai, 2009), finally 
leading to protein precipitation at much high ACN concentrations. While stripping 
away water, it is also conceivable that the polar and relatively small sized ACN 
molecules penetrate into protein surface crevices. Also, the solvent is known to 
decrease the dielectric constant of the medium surrounding the protein thereby 
facilitating formation of additional hydrogen bonds among the polar amino acids 
located on protein surface (Safarian et al., 2006). This property of the solvent may 
explain the transformation of secondary structure elements of the BLG variants. 
Interestingly, in the presence of ACN, BLG aggregation increases simultaneously with 
increase in a-helicity. Proteins with various types of structures; like a-helical: 
apolipoprotein Al (Rousseau et ai, 2006), PrPc (Merlini and Bellotti, 2005), (3-sheet: 
crystallins (Bratosiewiez-Wasik et al., 2004), transthyretin (Rousseau et ai, 2006), 
a+P: lysozyme and gelsolin (Hirschfeild, 2004), a/p: cystic fibrosis trans-membrane 
regulator (Sandilands et al., 2002) or natively unfolded: Ap peptide and tau (Welch, 
2004) etc., have been reported to exhibit aggregation (Jacobson et al., 2005) in presence 
of ACN. Although p-structures are mostly associated with the formation of aggregation 
in protein, but involvement of a-helical aggregates have also been reported in case of 
several proteins (Barghorn et ai, 2004). Kunjithapatham et al. (2005) reported that TFE 
favours the assembly of tau into a-helical aggregates and the aggregation process 
involves the arrangement of preformed a-helices into coiled-coils. 
It has earlier been reported that bovine BLG has a high propensity for a-helical 
conformation (Nishikawa and Noguchi, 1991; Shiraki et al., 1995; Hamada et al., 1995; 
Kuroda et al., 1996). Several authors have shown that when non-local interactions 
between amino acid residues distant from each other in the sequence are removed, the 
helical structure of the protein attains stability (Shiraki et al., 1995; Hamada et al., 
1995; Kuroda et al., 1996; Hamada and Goto, 1997; Kuwata et al., 1999). Other 
refolding studies have also shown that the non-native a-helical structure play important 
role in forming the protein's native p-sheet structure (Hamada and Dobson, 2002). In 
the present work, analysis of the conformational properties of the bovine BLG variants 
A and B, accumulated during equilibrium unfolding induced by ACN at three different 
pH values was undertaken. The two variants showed similar behaviour qualitatively, 
123 
RESULTS & DISCUSSION-Ill 
under the experimental conditions chosen, though the magnitude of the changes 
induced varied to some extent. The transition from native P-sheet to a-helical form was 
analysed by far UV-CD spectral measurements made at varying ACN concentrations. 
ACN is Imown to induce p-sheet in some proteins (Srisailam et al., 2002) due to its 
higher polarity than alcohols in water, which provides a favourable environment for the 
intermolecular beta sheets (Smythe et al, 1995). But in the case of BLG which is 
predominantly P-sheeted, non-native helix was found to be the predominant structure 
at higher ACN concentration. ANS binding data confirmed that surface hydrophobicity 
increased upon increasing ACN concentration. RLS data together with ANS binding 
suggest that increased hydrophobic interactions contribute significantly to the formation 
of the BLG aggregates. Aggregation appears to be pH dependent, following the order 
7.0 > 9.0 > 2.0, further providing evidence of the exceptional stability at pH 2.0 
(Sawyer and Kontopidis, 2000; Madureira et al, 2007). Near UV-CD spectra of BLG 
exposed to varying concentration of ACN indicate that the solvent induces gradual 
structural alterations at low concentration while drastic changes occur at higher 
concentration. Intrinsic fluorescence data showed significant influence of ACN on the 
environment surrounding TrpI9. Trp 19 residue, present at the bottom of the protein 
calyx, is known to be the major contributor to the spectroscopic properties of the 
protein (Renard et al, 1998). 
It is now well documented that several pathological conditions involve 
accumulation of aggregated protein forms (Bellotti et al, 2000; Fandrich et al, 2001; 
Bucciantini et al., 2002). Numerous proteins tend to attain comparable aggregated 
structures in vitro under appropriate conditions either by loss or transformation of 
secondary structure elements (Rasmussen et al, 2007). Several reports exist which 
contain evidence of transformation of BLG into fibrillar structures in vitro (Hamada 
and Dobson, 2002) mediated by chemical or physical denaturation of the protein 
(Kuwata et al, 2001; lametti et al, 2002). Studies on BLG have generated interesting 
data and is considered a model to study mechanism of a-helix to p-sheet transition of 
proteins, which may have implications in understanding the pathology of diseases like 
Alzheimer's (Kuwata et al, 1999). In the present study we have monitored the effect of 
ACN, a routinely used solvent in RP-HPLC, on unfolding of BLG variants A and B at 
three different pH 2.0, 7.0 and 9.0 with the aim of gaining insight into the nature of 
protein folding pathway, stability of the protein in acidic, neutral and alkaline 
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conditions and aggregation beliaviour of thie protein in the presence of this organic 
solvent. 
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Summary 
Beta-lactoglobulin (BLG) occurs in the milk of ruminants and few other 
species, but not humans, and is quantitatively the most dominant whey protein. It is 
expressed in the glandular epithelium of their mammary glands and has been identified 
as a member of the lipocalin super family, a class of molecular transport proteins 
capable of binding small hydrophobic compounds. BLG comprises 162 amino acid 
residues and is predominantly a (3-sheet protein. While BLG from ruminant species is 
dimeric under physiological conditions, the protein remains monomeric in the milk of 
most other species. Among the different whey proteins, BLG is well known for its high 
nutritional value and versatile functional properties in food products. It is remarkably 
stable at acidic pH and is almost entirely resistant to pepsin degradation. Hence, it 
passes unchanged in stomach and is finally digested in the small intestine. Because of 
its remarkable stability and ready availability, BLG is well characterised and has 
emerged as a model protein for a variety of biochemical and biophysical studies. 
A simple strategy that yields good amount of purified BLG conveniently may 
further contribute significantly to the study of the protein, which, in spite of lack of an 
established physiological role, has been ascribed several interesting functions, including 
those in the development of passive immunity and even protection against cancer. In 
addition, several bioactivities, including anfihypertensive, antioxidant, antimicrobial, 
opiod, and hypocholesterolemic, have been attributed to the peptides derived from 
BLG. Also, the protein has several actual and potential uses in modem foods, 
beverages, dietary supplements, functional foods and pharmaceutical preparations. 
Ready availability of pure BLG may further the investigations on several aspects of this 
important protein. With this in mind a simple and rapid procedure for the purification of 
BLG from bovine milk whey was designed and the work constitutes the first part of the 
thesis. The procedure exploits the major difference between molecular mass of BLG 
and other whey components and the existence of the former in monomeric form at 
acidic pH. Briefly, gel filtration of whey was carried out using a Bio-Gel PIO column at 
pH 3.0. Residual caseins and other milk proteins were excluded from the gel and BLG 
and alpha-lactalbumin (a-LA) emerged as two fully resolved peaks. SDS-PAGE 
suggested that BLG was purified to apparent homogeneity, while absorption, 
fluorescence, and CD spectroscopy indicated the native-like conformation of the 
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protein. Western blot analysis revealed that the antibodies raised against the purified 
BLG in rabbits also readily react with the commercial bovine protein. The procedure 
requires only 4-5 hours for the purification of about 10 mg of BLG from a single run 
while using a small column (2.3 cm x 83 cm) of Bio-Gel PIO and has the potential for 
scaling up owing to the stability of the matrix used. Purification of BLG was 
successfully achieved both from the cow's as well as buffalo's milk whey using the 
procedure. 
About a dozen bovine BLG genetic variants exist, but the variants A and B are 
predominant in milk of most animals. Variant A differs in amino acid sequence from 
the variant B at two positions; Asp64 and Vail 18 in variant A are substituted by Gly 
and Ala, respectively in variant B. No major structural differences between the two 
variants have been found by comparison of their crystal structures, nor are any major 
differences evident in the spectroscopic studies in single-solvent systems. On the other 
hand, significant differences among the two variants have been detected in the pH-
dependent conformational transitions, gelation properties, heat stability, self association 
properties and solubility, etc. The genetic variants of milk proteins have recently 
evoked considerable interest in the dairy industry. Of technological significance, bovine 
BLG variants have different effects on the industrial processing of milk and on the 
characteristics of milk products. Of particular economic importance for the dairy 
industry, is the well-confirmed association of the BLG variants with the milk 
composition, thermal processing, rennet coagulation, and cheese-making properties of 
milk. Thus differences in the technological properties of milk due to certain genetic 
variants need to be confirmed by studies on isolated milk components. 
The Maillard reaction or non-enzymatic glycosylation, a process involving 
binding of sugar to amino groups of protein, through a series of chemical reactions, is 
an omnipotent phenomenon, occurring slowly but continuously in the bodies and cells 
of all living organisms. Rates of glycation are remarkably enhanced at high 
temperatures and protein glycation has several implications in food processing industry. 
It has been previously demonstrated that glycation of whey proteins could significantly 
improve their original functional properties. Various studies on BLG modification have 
been perfonned till date either in solid state or in aqueous solution after reaction with 
various sugars. The second part of the thesis deals with the study of BLG variants A 
and B subjected to glycation with various sugars in the temperature range 50° C- 85° C. 
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Response of the two variants was assessed with respect to the extent of modification 
achieved under the conditions used, the changes occurring in their structural and 
conformational properties after modification, difference in the aggregation profiles and 
alteration in the peptic susceptibility after heat treatment in the presence and absence of 
sugars. Also, the implications of blocking the lone free Cysl21 group on the high 
temperature-induced glycation and subsequent aggregation of the two variants, was 
analysed. Following was inferred from the study. Glycation of BLG variants at a 
moderate temperature of 50° C, in the case of glucose and lactose, did not alter 
significantly the secondary and the tertiary structure of the protein. In contrast, 
glycosylated BLG derivatives characterized by higher substitution, as in the case of 
ribose and fructose, reveal complete destruction of tertiary structure, as monitored by 
near UV-CD and intrinsic fluorescence, while maintaining the secondary structure. 
Exposure of BLG variants at 60" C even with a poorly reactive sugar like lactose lead 
to a significant loss of native secondary and tertiary structure and resulted in an 
increase in surface hydrophobicity as seen by ANS fluorescence. Thus, glycation by the 
Maillard reaction can induce structural modifications in proteins and the extent of 
structural modification induced in BLG variants was found to be related to the degree 
of glycation, which in turn is related to the nature of the sugar used and to the 
temperature of incubation. Higher the reactivity of the sugar, more was the observed 
denaturation for the glycated protein. Depending on the reactivity of the sugar used, 
glycated BLG exhibited varying degrees of heterogeneity in molecular masses as 
evident in PAGE. Although through secondary structure analysis, the behaviour of the 
two variants upon glycation was found to be nearly identical, near UV-CD, intrinsic 
and ANS fluorescence data suggest that the environment of Trpl9 was modified to a 
larger extent in case of BLG B upon incubation with sugars both at 50° C and 60° C. 
Also, through non-reducing PAGE showed that the variant B is more prone to 
polymerization than variant A upon glycation at 60° C. Heat treatment of BLG variants 
at temperatures as high as 85° C, induce both marked conformational changes and 
protein aggregation. The aggregation was enhanced upon heating in the presence of 
sugars and was related to the nature of sugar and glycation degree. At temperatures 65° 
C and as high as 85° C, BLG variant B was found to undergo greater degree of 
aggregation than BLG A confirming its higher susceptibility towards heat denaturation. 
The study of BLG hydrolysis by pepsin shows that heating of milk at high temperatures 
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in the presence of sugars enhances the digestibility of both the BLG variants thus 
facilitating their absorption rate compared to that of unheated protein. Also, the 
intensity of denaturation inferred from percent hydrolysed protein is directly related to 
glycation degree. The susceptibility of variant B towards pepsinolysis after heat 
treatment was found to be slightly higher than that of variant A. Treatment of BLG 
variants with thiol modifying reagent produced moderate conformational changes in the 
proteins. The thiol modified variants showed lower degree of glycation as well as heat-
induced aggregation than the unmodified proteins. Slightly more aggregated material 
appeared in the top of lanes containing BLG B samples. Heating of thiol modified BLG 
variants also induced some conformational changes in the protein and the effect was 
enhanced in the presence of sugars. Among the sugars used, the effect was more 
pronounced in the presence of ribose than lactose also suggesting its dependence on the 
reactivity of sugar and degree of glycation. 
Several pathological conditions in biological environment involve accumulation 
of aggregated proteins. Numerous proteins also tend to attain characteristic aggregated 
structures in vitro under appropriate conditions either by loss or transformation of 
secondary structure elements. Several reports of transformation of BLG into fibrillar 
structures in vitro through chemical or physical denaturation of the protein are also 
available; hence the protein is considered a model for study of alpha helix to beta-sheet 
transition of proteins. 
The third part of the thesis deals with effect of acetonitrile (ACN), a routinely 
used solvent in RP-HPLC, on unfolding of BLG variants A and B at three different pH 
2.0, 7.0 and 9.0, with the aim of gaining insight into the nature of protein folding 
pathway, stability of the protein in acidic, neutral and alkaline conditions and 
aggregation behaviour in the presence of the organic solvent. While the behaviour of 
the two BLG variants in the presence of varying proportions of ACN was qualitatively 
identical, the magnitude of the changes varied. Far UV-CD data of BLG exposed to 
varying concentration of ACN revealed the induction of a-helix while near UV-CD 
spectra indicated that the solvent induces gradual structural alterations at low 
concentration while drastic change occurred at higher concentration of the solvent. 
Intrinsic fluorescence data showed marked influence on environment surrounding 
Trpl9. ANS binding data also revealed that surface hydrophobicity increased upon 
increasing ACN concentration, TEM images of BLG variants exposed to higher 
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concentration of ACN show formation of fibrillar structures. Also, from RLS data 
together with ANS binding data we suggest that increased intermolecular hydrophobic 
interactions may play a crucial role in the formation of the BLG aggregates. While the 
induction of a-helical structure and exposure of hydrophobic patches was more 
pronounced for variant B, the loss of tertiary structure as indicated by near UV-CD and 
shift in Xmax obtained upon measuring the intrinsic fluorescence was more significant 
for variant A than B. Also, for both the variants at pH 2.O., aggregation as well as helix 
induction occurred at higher ACN concentrations than at pH 7.0 and 9.0. These 
observations suggest that the stability of the BLG variants towards ACN induced 
unfolding is greater at acidic pH than at either neutral or alkaline pH. 
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A PROCEDURE FOR THE PURIFICATION OF 
BETA-LACTOGLOBULIN FROM BOVINE MILK USING GEL 
FILTRATION CHROMATOGRAPHY AT LOW pH 
Zainab Naqvi, Rizwan Hasan Khan, and Mohammed SaJeemuddin 
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Uttar Pradesh, India 
n A simple and rapid procedure for the purification of beta-lactoglobulin (^-LG) from bovine 
milk is described. The procedure exploits the major difference in molecular mass of^-LG and other 
whey components and the existence of the former in monomcric form at acidic pH. Gel filtration of 
whey was carried out using a Bio-Gel PIO column at pH 3.0. Rfsidual caseins and other milk 
proteins were excluded from the gel and P-LG and alplia-lactalbumin (a-lA) emerged as two fully 
resolved peak. .Sodium dodecyl sulfate polyacrylamide gel eleclrojjhoresis (SDS-PAGE) suggested 
that P-LG was purified to apparent homogeneity, while absorption, fiuorescence, and circular 
dichroism spectroscopy indicated the natixte-like conformation of the protein. Westeni blot analysis 
revealed that the antibodies raised against the purified [3-/.,G in ratjbils also readily react with the 
commercial bovine protein. This procedure requires only 4-5 hrfor the purification of about 10 mg 
ofP-LG from a single run while using a .small column (2.3 cm x H3 cm) of Bio-Gel PIO and has 
the potential for scaling up. 
Keywords alpha-lactalbumin, beta-lactoglobulin, Bio-Gel PIO, gel filtration, purification, 
whev 
INTRODUCTION 
Recent years have witnessed renewed interest in the study of beneficial 
effects of milk constituents on human health. ^ Milk is a source of two pro-
tein fractions-^ the caseins and whey proteins—and whey, once considered 
a waste product of cheese and curd manufacture, is now touted as 
an important functional food. The principal protein components of 
bovine milk whey are beta-lactoglobulins ((3-LG) and alpha-lactalbumin 
(a-LA), although small amounts of other proteins including bovine serum 
Address correspondence to .Mohammed Salccmuddin, Intcrdisciplinaiy Biotechnology Unit, 
Aligarh Maslim Vn'wcrmy, .Aligarh 202002, UP, India. E-mail: msalcemuddin47@gmail.com 
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albumin (BSA), lactoferrin, immunoglobulins, lactoperoxidase, and 
glycomacropeptides are also present. 
P-LG is present in the milk of ruminants (cows, sheep, goats, etc.), mar-
supials, cats, dogs, horses, pigs, and some primates like macaques and 
baboons where it constitutes 50-60% of total whey protein. (3-LG is 
reportedly absent in the milk of humans, rodents like mice, and 
lagomorphs like rabbits. ' 
Bovine |3-LG is an ~ 18-kD, nonglycosylated protein, remarkably resist-
ant to acid denaturation, and can exist as a monomer, dimer, or octamer 
depending on pH, temperature, and salt concentration. '^  Extensive stu-
dies have been carried on bovine (3-LG, which has emerged in recent years 
as an important food additive and a nutriceutical. The protein is an impor-
tant source of essential and branched amino acids (BCAAs) like leucine, 
isoleucine, and valine and is used as a commercial supplement by athletes 
and body builders. Efforts therefore condnue to improve strategies by 
which the protein can be conveniently purified in high yield. The available 
purification procedures include those based on ion-exchange chromato-
graphy, ion exchange displacement chromatography, and micro-
or diafiltradon. ' Procedures based on reverse-phase high-performance 
r -I Q 1 
liquid chromatography (RP-HPLC) and affinity chromatography on an 
immobilized <ran5-retinal column^''^^ with potendal for scahng up have also 
been described. Taking into consideradon the remarkable stability of P-LG 
to acid pH and its resistance to pepsinolysis, Kinekawa and Kitabatake 
described a novel procedure, in which whey was acidified to pH 2.0 and 
incubated with pepsin, that cleaved all proteins other than p-LG to small 
fragments. P-LG was then precipitated with ammonium sulfate, dialyzed, 
or subjected to ultrafiltradon to yield the reasonably pure protein. The pro-
cedure was subsequently improved to facilitate continuous production of 
P-LG. P-LG purified thus, however, contains small quantities of pepsin 
added during purificadon to accomplish proteolysis. Various other techni-
ques have also been applied to fracdonate/purify bovine milk proteins, 
such as fast protein liquid chromatography (FPLC) and related chromato-
graphic techniques, ~ isoelectric focusing, and ultrafiltration in an 
enzymadc reactor. While some of these require sophisticated instrumen-
tadon, others cannot be scaled up. 
The objective of the study was to develop a simple procedure for the 
purification of p-LG to homogeneity from cows' milk. Taking into consider-
ation that the majority of whey proteins, other than p-LG and a-LA, are of 
large molecular dimensions and that P-LG exists as an ~ 18-kD monomer at 
pH 3.0, gel filtradon chromatography using Bio-Gel PIO at acidic pH was 
envisaged to accomplish the purificadon. Polyaciylamide gel electro-
phoresis, spectroscopic and immunological procedures were used to 
characterize the protein. 
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EXPERIMENTAL 
Materials 
Commercial bovine p-LG A (L7880) and p-LG B (L8005) were 
purchased from Sigma Chemical Co., St. Louis, MO. Fresh cow's-milk 
samples were obtained from a private herd. Bio-Gel PIO was purchased 
from BioRad (USA). All other chemicals used were of analytical grade. 
Preparation of Whey 
Fresh cow's milk was subjected to delipidation by centrifugation at 
2000 X g at 4°C for lOmin, followed by the removal of fat that accumulated 
as a layer on top. HTiey proteins vs'ere separated from caseinic fraction by 
adjusting the pH of milk to 4.6 using 10% (w/v) acetic acid. The precipi-
tated caseins were allowed to settle down and removed by centrifugation 
at 2000 X g for 10 min at 4°C. The resulting whey was adjusted to pH 3.0 
using 1 MHCl, dialyzed against 20 mM phosphate buffer (pH 3.0) contain-
ing 18 mM NaCl, and stored at -80°C until use. Whey proteins were 
quantitated using the BCA (bicinchoninic acid) reagent. 
Gel Filtration Chromatography 
Five milliliters of the sample containing up to 30 mg protein was 
applied to an 83-cm-long column with an internal diameter of 2.3 cm, filled 
with about 340 mL preswollen Bio-Gel PIO (BioRad), and equilibrated with 
20 mM phosphate HCl buffer, pH 3.0, containing ISmMNaCl. The flow 
rate was adjusted to 35 mL hr~ and 1.0 mL fractions were collected. Absor-
bance of the collected fractions was measured at 280 nm using a Shimadzu 
UV1700 ultra\dolet-visible (UV-VIS) spectrophotometer (Japan) and 
plotted against the ehttion volume using the Microsoft Excel 2007 package. 
The pooled fractions were then lyophilized and stored at -80°C until 
further use. The procedure requires only 4-5 hr, and about 10 mg of pure 
P-LG could be purified using the small column from a single run. Protein 
concentration was determined spectrophotometrically at 280 nm, using a 
specific absorpdon coefficient of 9.6. 
Native and SDS-PAGE 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
was carried out according to the procedure described by Laemmli^^ using 
5% (w/v) aciylamide stacking gel, 12% (w/v) acrylamide separating gel 
and an electrophoresis buffer containing 0.1%) SDS in 25mMTris glycine 
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buffer (pH 8.53). All samples were prepared by boiling for 3min in the 
sample buffer containing 2% (w/v) SDS in the presence of 2.5% (v/v) 
2-mercaptoethanol. The gels were run initially at 50 V, and, once the protein 
sample entered into the separating gel, at 100 V. Native PAGE was per-
formed using a 15% (w/v) acrylamide separadng gel for 3hr at 50 Vat 25°C. 
Spectroscopy 
Absorption spectra of commercial P-LG B and purified protein 
(0.35mgmL"' prepared in lOmM Tris HCl, pH 7.0) were scanned 
between 230 and 310 nm in a Shimadzu UV1700 UV-VIS spectrophot-
ometer ijapan). Fluorescence spectra of commercial P-LG B and the puri-
fied protein (O.lmgmL" ) were obtained using a Shimadzu (Japan) 
RF-5301PC spectrofluorometer at 25°C. The samples were excited at 
280 nm and emission was monitored between 300 and 450 nm. The slit 
widths used were 5nm both for excitation and emission. Far-UV circular 
dichroism (CD) spectra (195-250 nm) of commercial P-LG B and purified 
protein were measured and recorded using aJASCO J-815 spectrometer. 
The protein concentration in all aliquots was 0.2mgmL~ . Spectra were 
obtained using a 1 mm path length cuvette at 25°C. 
Immunization of the Animals 
Rabbits were immunized against P-LG according to the procedure 
described earlier and the andbody titer was determined by enzyme-linked 
immunosorbent assay (ELISA). 
Western Blot Analysis 
The procedure reported by Neyestani et al.- " was used with slight 
modificadon. Briefly, SDS-polyacr)'lamide gel electrophoresis was run 
using a 5"/!) (w/v) stacking gel and 15% (w/v) separating gel for 3 hr at room 
temperature. Protein transfer onto the nitrocellulose membrane was per-
foi-med using a current of 30 mA overnight at 4''C using a BioRad assembly. 
The nitrocellulose membrane was then blocked with 3% (w/v) bovine 
serum albumin (BSA) and incubated with the rabbit anti-serum (1:25 
diludon in phosphate-buffered saline with Tween 20 [PBST]) with gende 
shaking for 2 hr at room temperature. The membrane was finally incubated 
with horseradish peroxidase (HRP)-conjugated goat anti-rabbit immuno-
globulin (Ig) G for 90min at room temperature with continuous shaking. 
Washing with PBST was performed after each step. Bands were visualized 
on the membrane using 3,3'-diaminobenzidine substrate. 
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RESULTS AND DISCUSSION 
Purification of |J-LG 
The elution profile of whey proteins from the Bio-Gel PIO column is 
shown in Figure 1. Besides the peak in the void \'olume, proteins emerged 
as two fully resolved and distinct peaks (Figure 1). On SDS-PAGE, the 
eluant in the second peak (Figure lA, lane 3) migrated as a single band cor-
responding to P-LG. The absence of additional bands in the gel suggests 
homogeneity of the protein, and considering that limit of detection of 
80 100 120 140 160 180 200 
Elution volmne (inL) 
FIGURE 1 Gel filtration profile of bo\iiic whev proteins. \Vlie\ adjusted to pH 3.0 was loaded onto a 
Bio-Gel PIO rolimin equilibrated with 20iii,V/pliosphate HGl buffer, pH 3.0, containing 18niMNaCI. 
The column was monitored at 280 nm. Inset A shows the SDS PAGE of'cluants from the gel tiltrauon 
coluiDn. .Electrophoresis was performed using 15% (w/\) aciylajnidc gel. Lanes !, 2, 3, and 4 contain 
whey (30(jg), pooled void peak (peak 1) (20 ng), pooled peak 2 (20 fig), and pooled peak 3 (10 ng) sam-
ples, respectively. Inset B shows SDS PAGE of pooled peak 2 fraction elutcd from the Bio-C;el column. 
Electrophoresis was performed using 12% (w/v) acrylamide gel. Lanes 2, 3, and 4 contain 20 (ig each of 
commercial /i-LG A, /?-LG B, and peak 2 sample, respectively, while lane 1 contains the molecular mass 
markers (Gcnci, medium range containing phosphorylasc b, 97.4 kD; BSA, 66kD; ovalbumin, 43 kD; 
carbonic anhydrasc, 29 kD; soyabean ti-vpsin inhibitor, 20.1 kD; and lysozyme, 14.3 kD). Inset C. shows 
the native PAGE (Yo"/« w/v) of peak 2 sample. Lanes 1, 2, and 3 contain 20ng each of commercial 
/i-LG A, /i-LG B, and purified /i-LG, respectively. Lane 4 contains 20 ^g of pooled peak 2 fractions cluted 
from the Bio-Gel coluiim loaded with bovine milk whey mixed with commercial li-hO A. 
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the Coomassie Brilliant Blue R-250 blue staining lies between 0.1 and 
1.0 i^ g, the preparation is at least 95% pure. The slight asymmetry of 
the peak 2, in spite of the apparent homogeneity evident in the SDS gels, 
is difficult to explain. One possibility is that a small population of P-LG 
molecules in whey may be modified with sugar, contribudng to small dif-
ferences in molecular dimensions and behavior during gel filtration. The 
obser\'adon of Chevalier et al. that about 20% of free amino groups of 
(3-LG are unavailable for reacdon with orthophthalaldehyde also suggests 
the possibility of such modification. The protein in the third peak 
migrated as a sharp band apparendy corresponding to a-LA (Figure lA, 
lane 4), which suggested that ot-LA is also purified simultaneously to hom-
ogeneity. Gel filtradon was performed using phosphate buffer, pH 3.0, 
since (3-LG is known to occur predominantly in monomeric form at this 
ppj l-s] yj^g exclusion limit of Bio-Gel PIO is 20 kD. Hence, traces of case-
ins remaining in the whey and other higher molecular weight whey pro-
teins like BSA (68kD), immunoglobulins, lactoferrin (77kD), and 
lactoperoxidase (80 kD) were excluded from the gel column and eluted 
in the void volume (Figure lA, lane 2), while the monomeric (3-LG and 
a-LA were resolved and emerged as separate peaks. 
Figure IB shows the SDS-PAGE profile of peak 2 along with molecu-
lar mass markers and commercial (3-LG variants A and B. Like the 
commercial proteins, the purified (3-LG migrated as a single band with 
a molecular mass of 18.1 kD as calculated by the procedure described 
by Weber and Osborn. While several variants of (3-LG from various 
mammals have been isolated, cow's milk contains predominantly the vari-
ant A or B. The (3-LG isoforms A and B differ only in two amino acid 
residues. P-LG A has Asp at position 64, while in variant B it is substituted 
with Gly. In addition, Vail 18 of variant A is replaced with Ala in the 
r Q-j 
isoform B. '^^  The difference in the molecular mass of the two variants 
is too small for separation on SDS-PAGE, but the two differ slightly in 
electrophoretic mobility in the native gels. The native PAGE profile of 
(3-LG, purified by the procedure described earlier, revealed a band 
migrating as variant B (Figure IC). Interestingly, predominance of B 
allele in the bovine milk in this part of the world is well known.'^'''^''^' 
In order to ascertain whether the procedure described is also applicable 
in the purification of the variant A, when present, commercial bovine 
P-LG A was added to the whey prior to gel filtration through the Bio-Gel 
column. When pooled peak 2 eluted from the column was subjected to 
native PAGE, a band corresponding to both variant A and B was detect-
able in the gel (Figure IC, lane 4). This suggests that using Bio-Gel PIO 
gel filtration, both the major variants can be separated from other whey 
proteins. Additional procedures wll, however, be required to resolve the 
variant mixture if desired. 
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Characterization of the Purified p-LG 
In order to establish whether the purified (3-LG B is indeed in native 
form, a comparison of its spectral propeities with the commercial bovine 
(3-LG B variant was made. Almost identical absorption spectra (Figure 2A) 
were obtained, with the purified and commercial preparations showing an 
absorption maximum of ~ 278 nm. Intrinsic fluorescence study also showed 
maximum emission intensity a t~331nm after excitation at 280 nm, for 
both commercial (3-LG B and the purified protein (Figure 2B). These 
observations suggest that the native conformation of (3-LG is retained dur-
ing the purification. Far-UV CD spectrum (Figure 2C) of the purified pro-
tein with a maximum near 216 nm, similar to the commercial (3-LG B, 
Wavelength (nm) 
(C) 
FIGURE 2 Absorption (A), fluorescence (B), and L'V-CD (C) spectra of/J-LG purified ( ) using 
the procedure described in this study and tlie commercial protein (—). The proteins were dissolved 
in 10m;V/Tris HCl, pH 7.0. Absorption measurements were taken between 230 and 310 nm (protein 
concentration; 0.35mgmL~ ). For fluorescence measurements the samples (0.1 mgniL" ) were excited 
at 280nm and emissioji was measured between 300 and 450nm. Samples (0.2mgmL ') were scanned 
between 190 and 250 nm for the UV-CD spectra. 
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indicates that the former contains predominantly native like P-sheet 
structure.^^^^ Retention of the native conformation by the (i-LG during 
gel filtration at pH 3.0 was anticipated in view of the well-known stability 
of protein at acid pH.'"^ *'^  It is because of its stability in acid pH that 
P-LG is considered a potential carrier of fat soluble vitamins that bind to 
the native protein.^'''^ Strategies that minimally affect the native structure 
of (3-LG during purification have received attention in the past.^ ' "" 
The two-step procedure of (3-LG purification described more recendy by 
Lozano et al.'^^''' also yields the homogenous protein in native form, but 
compared to the present procedure it is more dme-consuming. 
Andgenicity of the purified protein was examined by Western blot 
analysis using the anti-(3-LG andbodies raised in rabbit against the purified 
protein (Figure 3). The observed cross-reactivity of the andbodies also with 
commercial P-LG A and B variants suggested the preservadon of the andge-
nicity of the purified p-LG. Absence of staining at posidons other than that 
of P-LG in the lane containing the purified protein also supports the homo-
geneous nature of the preparation. 
The procedure described in this study is also applicable in the purifi-
cadon of P-LG from buffalo milk (data not included). Bio-Gel PIO beads 
are relatively more rigid and less compressible due to higher level of 
cross-linking. This together mih their resistance to acid and bacterial growth 
suggests the possibility of scaling up of the purification of procedure. 
FIGURE 3 Western blot analysis of the /J-LG purified by the procedure described in this study. 
Rabbits were immunized with the purified /i-LG. SDS-PAGE, biotdng on nitrocellulose membrane, 
and staining with HRP-conjugatcd secondar)' antibody were performed as described in the Icxl. Lane 
1 contains the purified /i-LG; lane 2, commercial /J-LG A; and lane 3, commercial /j-LG B. 
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A simple strateg)' that yields good amount of purified |3-LG conveniently 
may contribute significantly in the study of the protein, which, in spite of 
lack of an established physiological role, has been ascribed several interest-
ing functions including those in the development of passive immunity^^''' 
and protection against cancer. In addition, several bioactivities have 
been linked with the peptides derived from (3-LG. These include angioten-
sin I- converdng enzyme inhibition as well as antih\'pertensive, antioxidant, 
antimicrobial, opiod, and hypocholesterolemic actixdties. As has already 
been pointed out, the nutridonal value of P-LG is well recognized and the 
protein has several actual and potential uses in modern foods and 
beverages dietary supplements and functional food and pharmaceutical 
preparations. Ready availability of pure |3-LG may further the invesdgations 
on bioactivities of the component peptides of the protein. 
CONCLUSION 
The marked differences in the molecular dimensions of (3-LG existing 
as monomer at acid pH and other whey proteins were exploited for the 
purificadon of the former in homogeneous form by gel filtradon through 
a Bio-Gel PIO column. Spectral and immunological studies suggest that 
purified protein is almost indisdnguishable from the Sigma bovine protein. 
The proceduiT also offers the possibility of simultaneously purifying the 
second major whey protein a-LA and could be readily adapted for the 
purification of buffalo whey proteins. 
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